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PRELIMINARY CONSIDERATIONS 


During the last century it was the prevalent view that the 
earth was once a white-hot liquid globe. It was a logical inference 
from this view that the subsequent shrinkage of the earth arose 
chiefly from a loss of heat and from effects incidental thereto. 
On critical inquiry, however, it was found that the contraction 
assignable to lowering of temperature was disappointingly small. 
On the other hand, it was found as field inquiry was extended that 
the sum total of surface shortening implied by foldings, crumplings, 
overthrusts, and similar evidence was distinctly large. As a 
result of these divergent disclosures, students of diastrophism came 
to feel not a little hesitation in following out fully and freely to 
their logical limits the trend of interpretations suggested by field 
evidence whenever very great shrinkage was foreshadowed. The 
restraint thus felt was much like that suffered during the same 
period from supposed limitation of geologic time, a restraint now 
happily removed. 

A radically new aspect, however, was given to the whole problem 
of earth shrinkage when, near the opening of this century, it was 
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discovered that certain of the heaviest known atoms were spon- 
taneously giving out heat as an incident of their own disintegration. 
It was found that if radioactive substances pervade the whole body 
of the earth as richly as they do the accessible portions, the heat 
generated by them would be much greater than the amount the 
earth is now discharging at its surface. The certainty that the 
earth had been cooling at once disappeared; it seemed quite as 
likely that the temperature of the earth was rising as falling and, 
so far as heat is concerned, the volume of earth quite as likely 
swelling as shrinking. This cut at the very roots of the former 
tenet that shrinkage was chiefly due to the lowering of the tempera- 
ture. The possible potentialities of the new source of heat were not 
only embarrassing in themselves, but they made the great heat 
hypothetically inherited from the white-hot earth a superadded 
burden of embarrassment instead of the facile explanation of 
shrinkage and deformation it had once been supposed to be. 

Nor was this all: It was obviously necessary to devise some 
special hypothesis to obviate the surplus of heat the radioactive 
substances would give if they had a uniform distribution throughout 
the interior of the earth. Since no pressure or other physical 
condition is known to reduce appreciably the thermal output of 
radioactivity, a restriction of the radioactive substances themselves 
to a shallow surface shell seemed the only hypothesis available. 
But here the tenet of a molten globe arose as a new form of embar- 
rassment. The radioactive substances are exceptionally heavy, 
and in a liquid mass they should naturally concentrate toward the 
center, not toward the surface. Convection, of course, if it were 
sufficiently active, might be supposed to prevent much concentra- 
tion toward the center, but convection carries down as well as up 
and tends to give a more or less uniform distribution—just the 
distribution the hypothesis is seeking to avoid. 

Nor is this the limit of the embarrassments attending the old 
view. A molten state implies that the larger part of the potential 
resources of shrinkage were exhausted before the formation of a 
crust made a record of shrinkage possible, at least so far as shrinkage 
depends on arrangements and combinations of material. A molten 
state offers nearly ideal conditions for the physical adjustment of 
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all constituent elements and for such chemical combinations as are 
possible, except in so far as the heat itself stands in the way. With 
such extraordinary facilities for selective adaptation as were 
hypothetically offered by the passage of the earth substance from 
the assigned gaseous to the liquid state and thence at length on 
to the solidifying state, a large part of all possible adaptation to 
the demands of pressure—save those restrained by heat—should 
have taken place before the record of diastrophism began. About 
all shrinkage left to be registered would be the meager amount that 
might spring from cooling. 

Thus in several vital ways the inherited theory of a molten 
earth came to be a source of embarrassment to investigators who 
were struggling with the specific demands made by the field evi- 
dences of actual diastrophism. 

THE WORKING FITNESS OF THE ALTERNATIVE VIEW 

However, the case was desperate only from the traditional 
point of view. These embarrassments may be avoided if the 
gaseo-molten hypothesis is replaced by some form of the view 
that the earth was built up by the accession of solid particles 
brought to the earth in succession at intervals. In an earth so 
built the aggregate should have retained very nearly its maximum 
resources of combination, adjustment, and compression, while at 
the same time it was contributing only a small measure of heat to 
embarrass the threatened oversupply from radioactivity. 

Furthermore, this view affords an easy and natural explanation 
of the concentration of radioactive substances at the surface. 
Under this view the radioactive particles came to the earth at 
random with the rest of its material. Their spontaneous heat was 
readily radiated away until they became buried to depths that 
prevented its ready escape. They then tended to become centers 
of local liquefaction. In so far as this was realized they became 
enveloped in their own mobile products and were thus carried by 
the extrusive agencies up to the cold zone or the surface. The 
liquid blebs thus generated, carrying their self-heaters with them, 
were well equipped for making exchanges with the eutectic sub- 
stances encountered on their way out and for concentrating these 
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in the ascending thread of lava, leaving behind the less eutectic 
substances. They were thus well fitted to fulfil three functions: 
(x) to flux their way upward, (2) to separate the more fusible 
material from the less fusible, and (3) to carry the former out to 
the cold zone or the surface, taking along the chief source of heat 
and the heat already generated. By thus draining away selectively 
the more fusible elements in the mixed material and raising the 
mean resistance of the rest to fusion, they help to maintain the 
solidity of the main mass. It is obvious that adjacent threads of 
hot self-heating lava must render one another assistance in mutually 
uniting and massing their forces for fusing their way outward. 
After such tracts have been drained of their more fusible substances 
and the conduits closed, new paths in ground less depleted of its 
eutectic material would naturally be chosen and thus the selective 
work should at length cover the whole field and raise its mean 
fusion-point, while the self-heating radioactive particles were more 
completely removed. 

At all stages of this selective process it is held that the differ- 
ential stresses of the earth body lent effective aid in extruding the 
liquid matter. The great pervasive stresses of the earth, static 
and dynamic alike, are intensest in the deep interior and graduate 
outwardly. The differential components of these are well suited to 
squeeze toward the surface the liquefying portions of the interior 
matter about as fast as these accumulate in sufficient quantities 
to respond readily to such stresses, while the liquids themselves 
readily yield to the rise by reason of their heated state and the 
gases they gather to themselves. To this doubly facilitated 
extrusion of liquid matter carrying its special thermal source with 
it is assigned the function of clearing the depths of their original 
radioactive substances and of their heat products, with the in- 
cidental effect of perpetuating the solid state of the earth as 
a whole. 

If the simile may be pardoned, the l'quid threads may be 
likened to the sweat pores of an organic body, regulating its temper- 
ature by a natural perspiratory system. The pools of lava that at 
times accumulate at the surface function as the sweat drops of the 
earth body. They seem large, to be sure, in terms of ordinary 
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measure, but they are really quite minute when compared with the 
260,000,000,000 cubic miles of the earth mass. 

It will be noted that this view is a reversal of the old inter- 
pretation. Instead of being a residual effect of former excessive 
heat, extrusive igneous action is initiated automatically within the 
body and forms a regulative system through which the solidity of the 
globe is maintained. The extrusive action is at the same time 
merely a minor feature in a general genetic process that has con- 
served the potential resources of shrinkage and rendered them 
available at such successive stages in the history of the planet’s evo- 
lution as developed the conditions necessary to call them into action. 

But, notwithstanding the ampler possibilities of shrinkage 
which this newer view places at the command of students of 
diastrophism, the pall of restraint has not as yet been wholly lifted. 
Thus far there has been no well-grounded estimate of the total 
earth shrinkage that has actually taken place. Even a theoretical 
estimate of the shrinkage available for interpretative assignment 
is still lacking. Workers in this field are thus still more or less 
under the shadow of restraint. Research will certainly proceed 
with more equipoise if workers can feel wholly untrammeled by 
supposed limitations in following to their logical conclusions any 
leadings of evidence they may encounter, even though its demands 
may be greater than general considerations have thus far seemed 
to warrant. 


THE SPECIFIC FIELDS THAT YIELD DIASTROPHIC EVIDENCE 

A glance at the field evidences of diastrophism will further pre- 
pare the way for a study of the probabilities of the case. Diastro- 
phism is displayed in three great fields. These are closely related, 
to be sure, but yet sufficiently different to require individual 
recognition. 

I. The first embraces the deformations of the distinctly strati- 
fied terranes, chiefly those of the Paleozoic and later ages. These 
are relatively accessible, and the constituent formations usually 
so far retain their individuality as to be susceptible of being satis- 
factorily traced throughout the whole tract involved in the defor- 
mation under study. 
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II. The second embraces the complicated distortions and the 
metamorphosed phases of the Proterozoic and Archean complexes. 
Usually these are only partially accessible, and the profound 
changes they have undergone present formidable difficulties in 
addition. 

III. The third includes the deeper and more massive deforma- 
tions of the earth body. These can be regarded as accessible only 
in a logical sense by means of indirect evidences or remote intima- 
tions, or by a priori considerations. 

I. In the more surficial of these three fields estimates of crustal 
shortening have been made from time to time in the past, but in 
the main these have been confined to linear shortening; they have 
not included the depths involved in the shortening. This is 
necessary for computing their total quantitative values. Nor has 
there usually been any determination of the under-configuration 
of the distorted masses. This carries a very important part of the 
specific significance which the diastrophism embodies. <A notable 
beginning has been made in adding these two neglected factors 
and increasing at the same time the reliability of the estimate of 
the linear factor.’ But the labor involved in these more adequate 
determinations is so large that much time must pass before a 
sufficient number of such determinations can be made available for 
a total estimate of the shrinkage involved in even the limited field 
to which the method is adapted. 

II. In the Proterozoic-Archean field there is little ground to 
hope for any general application of these superior methods, partly 
because of the large measure of concealment of the terranes and 
partly because of the excessive intricacy of the structure and the 
frequent changes in petrologic nature which render sharp identi- 
fications of the borders of the several members of the terrane 
throughout the whole folded tract impracticable. The difficulties 
of this field are formidable in the extreme. No one, so far as I 
know, has thus far had the temerity to offer an estimate of the 
amount of shortening implied by the intricate crumpling of these 

' Rollin T. Chamberlin, ‘‘The Appalachian Folds of Central Pennsylvania,” 
Jour. of Geol., XVIII (1910), pp. 228-51; “The Building of the Colorado Rockies,” 
ibid., XXVII (1919), pp. 145-64, 225-51. 
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old formations on any great circle of the earth. That it was large, 
however, goes without the saying. 

But, taken at their best, the deformations in these two fields 
are merely surficial. Such foldings as are accessible are mere 
wrinklings of the skin of the earth body, mere lineaments of the 
face of the earth. They have about the same relation to the 
effective framework of the earth body as the shriveled integument 
of an old man has to the bony skeleton that chiefly gives form to 
his figure. 

III. The deeper deformations of the earth have been little more 
than a field for the imagination thus far. And yet they have given 
rise to indirect and implied evidences. There are the protrusions 
of the continents, the sags of the sub-oceanic basins, and the general 
configurations of the globe. There are tidal, seismic, magnetic, 
and other dynamic lines of approach. Great light has been thrown 
on the problems of the interior by the brilliant determination of 
the value and nature of the body tide and the elastic rigidity of the 
earth by Michelson and Gale on the experimental side," and Moulton 
on the mathematical side? The seismic evidences gathered by 
many observers indicate that the elasticity of the earth increases 
downward faster than the density for at least a depth that involves 
much more than half the volume of the earth. These trenchant 
determinations bear vitally on the interpretation of the internal 
deformation of the earth. 

The lines of approach now available for an interpretation of the 
master-features of the earth’s surface promise at least some insight 
of value into the earth’s fundamental diastrophism. I have 
ventured to interpret these master-features as simply the adult 
products of a segmentation that sprang from primitive shrinkage 
stimulated and shaped by oscillating rotation and tidal strains. 
Under this view there are cogent reasons for assuming that the 
original segments were more or less unequal and asymmetric, and 

tA. A. Michelson and H. G. Gale, ‘The Rigidity of the Earth,” Jour. of Geol., 
I (1919), pp. 585-6or. 

2 F. R. Moulton, “‘ Theory of Tides in Pipes on a Rigid Earth,” Astrophys. Jour., 
L (1919), pp. 346-55. 


3 The Origin of the Earth (1916), pp. 200-224. 




































8 T. C. CHAMBERLIN 


that the large inequalities and asymmetries now observed are 
largely due to later shiftings, distortions, and outgrowths of the 
primitive elements. These then are the special subjects of study 
in the third field of diastrophism. 


THE PARTICULAR OCCASION FOR THIS INQUIRY 


Now in a recent study of what could plausibly be assigned to 
original irregularity in segmentation and what then remained to be 
assigned to subsequent movements and unequal growths, I was led 
to see, or to think I saw, evidence of a system of shiftings and of 
unequal growths which marshaled themselves in a singularly 
rational way as though they were due to systematic causes of a 
general nature. The particular adjustments appeared to be such 
as were directly implied by the configurations which the great 
features now bear. By reasoning back from the present con- 
figurations to the assigned primitive configurations, rather specific 
amounts of shiftings and deformations, abetted by unequal out- 
growths, seemed to be indicated. The amounts of these shiftings 
were distinctly larger than the movements commonly assigned to 
diastrophisms in the surficial fields. Because of this largeness the 
question, How much shrinkage can reasonably be assigned the 
earth during its whole history? came up in a new and specific 
form, and with especial piquancy by reason of unexpectedly exacting 
demands. 


COMPARISON BETWEEN THE EARTH AND ITS NEIGHBORS 


In casting about for some independent means of estimating such 
reasonable possibilities or even probabilities of shrinkage as there 
might be under the later view of the constitution of the earth, a 
comparison of our planet with its near neighbors, the moon, Venus, 
and Mars, suggested itself, as also a comparison with an ideal earth 
built of material of the average meteoritic type. 

The earth, Venus, Mars, and the moon form a little group of 
closely related bodies revolving in the inner part of the sphere of 
control of the sun under very similar dynamic conditions. We 
naturally think of them as widely deployed, but, taken all together, 
the little group spans less than 3 per cent of the radial reach of 
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the solar system and probably not more than a thousandth part of 
the radius of the sun’s sphere of control. This last is the more 
significant standard, for the sun’s sphere of control is the dynamic 
field within which the planets had their origin and have ever since 
had their being. It is therefore a reasonable inference that the 
members of the little group shared much the same evolutionary 
conditions, were formed in much the same way, and of much the 
same material. But even if there was some gradation in the nature 
of the material due to position in the system—which we will con- 
sider later—its effects are measurably equated in the comparisons, 
because Mars lies outside the earth and Venus inside, while the 
moon, as a member of the earth system, presumably partook of 
the common material from which both earth and moon were 
derived, though perhaps not in precisely the same way. At any 
rate, though some differences of original material must be presumed 
to have entered into the formation of these four bodies, such 
differences could scarcely have been at all radical. Besides, it will 
be seen later to be possible to deduce the more important differences 
which affected the selection of material in the formation of these 
bodies. This will be considered in an article following this one, as it 
goes too far afield to be introduced here. 

All members of this little group of bodies are small compared 
with the four giant planets outside them, and yet they are large 
relative to the majority of satellites and planetoids. They form 
an intermediate group, and deductions respecting them may be 
checked by the extremes on either hand. Among themselves 
they form a graded series well suited to our purpose. The moon 
is distinctly small and has no appreciable atmosphere or hydro- 
sphere; it may be taken to represent such bodies as are formed of 
molecules heavy enough and sluggish enough to be controlled by a 
limited attractive force, a force too feeble to hold the lighter and 
, Swifter order of molecules. Mars represents a stage of growth at 
which sufficient gravitative power has been reached to maintain a 
limited atmosphere and apparently the beginnings of a hydro- 
sphere. Venus represents a much more advanced stage at which 
the gravitative power is sufficient to hold a very notable atmosphere 
and probably a rather massive hydrosphere. The earth, as we 
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well know, represents a stage at which a notable atmosphere and a 
distinctly massive hydrosphere have been acquired and held. The 
four bodies thus represent those stages of evolution which are most 
significant in such a study as this. They are all notably dense 
compared with the great planets that lie outside them and with the 
sun at the center of the system. The moon, Mars, and Venus will 
be treated as representing a typical series of stages of evolution 
connecting the small atmosphereless type with the largest known 
cold planet enveloped with a deep water-sphere and gas-sphere, 
the earth. No special study will be given to the large hot bodies 
of low density that form the great outer group.’ 
STATISTICAL DATA 

Some of the more essential statistics on which the study will 

be based are gathered into Table I. 


TABLE I* 


Planet Mean Diameter | yfass Earth=1 | Density Water=1| 5¥*face Gravity 
in Miles g=I 
Moon ; ; 2160 ©.0122 3.34 0.16 
(3476 kms.) 
Mars..... 4339 | 0.1065 | 3.58 0.36 
(6983 kms.) | 
Venus 7701 0.807 (?) 4.85 (?) | 0.85 (?) 
| (12394 kms.) 
Earth ; 7918 I .000 5.53 1.00 


(12743 kms.) 





* These statistics are taken from Moulton’s /ntroduction to Astronomy, Revised Edition, 1916. Venus 
has no satellite and its mass and density can only be determined by indirect means which are not very 
accurate, and hence the figures for these are marked with an interrogation point, but they are probably 
close enough for our purpose. The figure 5.53 for the density of the earth is conservative; figures as 
high as 5.56 and 5.57 have been used These higher figures would give greater shrinkage. The dimen- 


sional data are given in miles and in kilometers, but the computations are carried out in miles, because, 
being the larger unit, it is the more convenient An even larger unit is desirable for most earth studies 
and so the standard degree of a great circle of the earth is added in circumferential measurements. Degrees 
are convenient units in working with globes 


THE METHOD OF THE INQUIRY 
As a step preparatory to the proposed comparison there were 
built up from the moon, Mars, and Venus, each in turn, by using 
material of its own mean density, parity-earths whose masses were 
equal in each case to that of the actual earth. A similar parity- 
earth was built up of mean meteoritic material. The radii and 
volumes of these parity-earths were then computed and taken as 


*Cf. W. D. MacMillan, “On Stellar Evolution,” Astrophys. Jour., Vol. XLVIII, 
No. 1 (July, 1918), pp. 40-41. 
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the basis of shrinkage. The parity-earths were supposed to shrink 
until their mean densities were identical with that of the present 
earth. The amount of this shrinkage is recorded in Table II in 
terms (1) of the earth’s radius in miles, (2) of the earth’s circum- 
ference in miles, and (3) of the earth’s circumference in degrees, 
each of these being more convenient than the other in certain 
specific uses. 

In building up the meteorite earth Farrington’s mean specific 
gravity of meteorites seen to fall was taken as the basis of compu- 
tation." While the inclusion of only those meteorites that have 
been seen to fall may not be strictly representative, it is Farrington’s 
view that this limitation gives the best definite figure that is 
available. If the meteorites found but not seen to fall were included, 
the specific gravity would quite certainly be too high, because 
metallic meteorites are more likely to attract attention on account 
of their unusual heaviness and the whitish color of the metal, and 
because they are less liable to disintegration than the stony mete- 
orites. Nevertheless, if all meteorites that have reached the ground 
in observable masses were averaged, the mean specific gravity 
would probably be greater than the figure given. On the other 
hand, the surfaces of iron meteorites are notably pitted, due 
probably to the exfoliation of the stony parts, as these are less 
tenacious than the metallic parts. A naked body sweeping about 
the sun and likely to be in rotation is quite sure to be subjected to 
those rapid changes of temperature which promote exfoliation. 
The gravitative power of a meteorite is very small and hence these 
exfoliated chips would be likely to be thrown off into separate paths 
and thereafter play the part of individual meteorites. It is thus 
probable that the vast multitude of small meteorites that are 
burned to dust in the upper atmosphere are much more largely 
stony than metallic. This consideration probably offsets any 
weight that ought to be given to the preponderance of metal 
among the meteorites found some time after their fall. At any 
rate the mean given by Farrington is the best available and is 
doubtless near enough the true mean to give the right order of 
magnitude to the results deduced from it. 


'O. C, Farrington, Jour. of Geol., V (1897), pp. 126-30. 
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While meteorites in the main seem to belong to the solar system, 
they appear to be samples from many sources, for they are extremely 
numerous and come to the earth from various directions and at 
very different velocities. It is therefore thought that they fairly 
represent the nature of any kind of scattered interplanetary matter 
of the solid type that might once have been available for the 
formation of small planets and satellites. This view does not rest 
so much upon their present status as upon the dynamics of the case, 
for the self-aggregation of small masses implies feeble gravitative 
control, and under the conditions of such feeble control only the 
heavier, sluggish molecules can be gathered and held. For this 
reason meteoritic material is taken to represent the densest type 
of scattered solid particles and small masses, whether planetesimal, 
satellitesimal, meteoritic, or otherwise, available now or in the past, 
for the growth of satellites and planets. This of course does not 
exclude the availability of lighter material, even gaseous material, 
to planets massive enough to hold such material, nor does it exclude 
occluded or combined gases from even the smallest bodies. 

In building up these parity-earths, the series starts with the 
moon, the lowest in mean density, rises thence through Mars and 
the representative meteorite, to Venus, next to the earth in mean 
density, and ends with our planet. This arrangement should 
suggest at once that as the last two are the most massive bodies 
and hence have the greatest power of holding light molecules, they 
probably have the largest proportions of inherently light matter 
in their composition. 

THE NUMERICAL RESULTS 

The leading numerical results of the computations.are gathered 
into Table II. 

Let us hasten to admonish ourselves that these results are as yet 
uncriticized. Before the inquiry may properly rest these results 
must be scrutinized in the light of the dynamical conditions under 
which the four bodies were formed, for these conditions were such 
as to determine the inherent heaviness or the inherent lightness of 
the matter that formed them. This critical phase of the study will 
take us rather far afield and must therefore be deferred to a later 
article. I feel warranted, however, in saying that this further study 
will indicate, as does the hint given above, that the more massive 
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bodies in all probability contain the larger proportion of light 
atoms and molecules and that the shrinkage figures of Table II 
will need to be somewhat increased to satisfy the natural intimations 
of the laws of planetary organization. For the moment, however, 
let us regard these prospective increments merely as a measure of 
assurance that we will be forming first impressions on conservative 
grounds if we tentatively review the results as they stand. [If this 
review shall raise any questions as to the validity of the results 
deduced these questions will serve to give piquancy to the deferred 
discussion. 
TABLE II* 





























- » 
= ° §& SmorTeninc 
= Zs OF, Parity- 
Basis or Pariry- >»! | & 8 | Present VoLume Parity-VoLuME | “uw | Zi Circum. 
EarTa Ea | 26 Cusic MILEs Cusic MILes ea |e Sei 
ze | 25 as (S22). | De 
az | a Bom Miles grees 
ee 3.34 1080 5,276,678,626, 430,353,000,000 4684 725 4555 66 
Mars........| 3.58 2170 2,802,469,404| 401,502,000,000 4577) 618 3883 56 
Meteorite. .... eR Pe ay 389,506,000,000; 4531 572 | 3504 52 
re 4.85 3851) 239,226,992 a 296,367,000,000] 4136 177. 1112 16 
a 5-53] 3050 250,023,840,377) ...-.ceceeeees Tae: 





* The parity-earths may be derived either from the relative densities or the relative masses. The 
results, however, are not strictly identical in all cases, doubtless because the figures adopted are the 
weighted means of different methods of determining the masses and densities and these thus lose strict 
consistency with one another, The differences are not enough seriously to affect the order of magnitude 
of the shrinkage results. 


PROVISIONAL DISCUSSION OF THE RESULTS 


On first thought it may seem that the observed densities of the 
four bodies compared can be easily accounted for by assigning such 
specific gravities as are requisite to the material that entered into 
their formation. Thus the computed amounts of shrinkage may 
seem to be avoided. If it is legitimate to make purely arbitrary 
assignments in neglect of the laws of cosmic organization under such 
hypotheses of genesis as are tenable, no doubt this might be done. 
But in a naturalistic inquiry that tries to be thoroughly loyal to 
cosmic laws, so far as the inquirer knows them or can find them 
out, arbitrary assignments have little or no place. We are here 
dealing with highly composite results, the products of natural 
processes of organization. Each of the four bodies is believed to 
have been formed by a multitude of accessions brought together by 
forces of like types, acting under similar conditions and surrounded 
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by similar dynamic environment. It does not seem naturalistically 
probable that arbitrary variations of sufficient moment to affect 
the average order of results could have entered into these combi- 
nations so closely analogous in general nature. It is well recognized 
that under the law of probabilities a multitude of random contribu- 
tions, uniting under common conditions, give closely concurrent 
averages even though the individual contributions may be highly 
variant. It will be seen from the discussion in the succeeding 
article that a very definite law probably presided over the proportion 
of the inherently heavy to the inherently light material which 
entered into the formation of the four bodies compared. Taking 
then their systematic organization for granted for the time being, 
the following tentative points are to be noted: 

I. The total shrinkage of the earth implied by the comparisons 
is very large. A circumferential shrinkage of 4,555 miles in a 
putative growth from a moon stage by the addition of moon-stuff 
is certainly large. A similar shrinkage of 3,883 miles in a growth 
from a Mars stage by the addition of Mars-matter is quite as 
notable; and a shrinkage of 1,112 miles in a growth from a Venus 
stage—a stage in which 80 per cent of growth has already been 
attained, while the material added has the high density of Venus— 
is even more remarkable. These large shrinkages are ample to 
meet all the demands that gave rise to the inquiry and leave a good 
working margin beside. 

II. Since the four bodies were treated as spheres, the computed 
shrinkages apply to all great circles, meridional, oblique, or equa- 
torial, equally. The special deformations that may be assignable 
to changes in the rate of rotation are not here included. There 
was probably always some equatorial bulging and polar flattening, 
but the geological evidence does not seem to imply that defor- 
mations of this class were essentially greater during the early ages 
than they have been during the later ages.'. The large shortening 
in meridional circles given by the computations satisfies the require- 
ments of the Archean crumplings and related phenomena of the 
high latitudes, which seem to be essentially as great as those of low 
latitudes.’ 

*“The Tidal and Other Problems,” Publication No. 107, Carnegie Institution of Washington 


(1909). p. 51. 
* Loc. cit. 
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THE STAGE OF MAXIMUM SHRINKAGE 


If the four bodies under comparison are to be regarded as 
representing stages of growth, it is a matter of much added interest 
to deduce from the comparison the stage of growth at which the 
greatest shrinkage took place. If the bodies were entirely compact 
at the outset, as they would be if fluid, or pliantly viscous, shrinkage 
from gravitative pressure might be expected to decline with every 
stage of compression reached, because resistance to compression 
usually increases rapidly as compression proceeds; but if the 
material of growth were minutely fragmental at the outset and the 
particles rigid and elastic, other factors of importance would come 
in. At first the porosity would be great. Until the porosity was 
exhausted the shrinkage would depend largely on the rigidity and 
the elastic qualities of the constituent particles. Later, the 
possibilities of chemical, crystalline, and physical readjustments in 
the interest of density would come into service. Another factor 
is the presence or absence of effective wash, solution, and redepo- 
sition. These are dependent on the presence or absence of an 
effective hydrosphere. The moon has neither appreciable atmos- 
phere nor hydrosphere and if originally built up of minute rigid 
particles it would retain a deep porous zone of relatively low 
specific gravity. This would notably affect its mean density. 
Besides, there is evidence of much explosive eruption and the 
pyroclastic products arising from this would, in the absence of wash, 
solution, and redeposition, remain highly porous. The Mare once 
regarded as seas and later as lava plains may perhaps really be 
tracts of volcanic ash. Lines of projected débris crisscrossing 
Mare Imbrium are well shown in a recent photograph by the roo- 
inch reflector of Mount Wilson. Mars is on the ragged edge of 
doubt; it may perhaps have enough water on its surface to wash 
fine material from the exterior into the interior and to dissolve 
more or less of the surface material and deposit it in the pores below, 
or, on the other hand, the water may be so scant as to have little 
effect in cementing and solidifying the outer zone of the planet. 
But in the case of Venus, inwash and cementation are probably 
efficient, while they are known to be on the earth. All these factors 
seem to have played important parts in the results. 
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An inspection of the mean densities themselves gives some hint 
of the general nature of the compression: 3.34 for the moon, 3.58 
for Mars, 3.69 for meteorites, 4.85 for Venus, and 5.53 for the 
earth. It is notable that the mean density of meteorites falls 
between the two bodies suspected of deep porosity and the two 
bodies in which wash, solution, and cementation are effective. 

The results given in Table II bear an analogous import: 725 
miles radial shrinkage for the lunar parity-earth; 618 miles for 
the Martian parity-earth; 572 miles for the meteorite parity-earth; 
and 177 miles for the Venus parity-earth. However, these shrink- 
ages represent quite different ranges of growth; to be strictly 
comparable they must be reduced to a common basis. A conven- 
ient unit is an increase equal to 1 per cent of the mass of the earth. 
This is equal to the weight of about 14 billion cubic miles of water. 
Reducing the several shrinkages to this unit of mass increase, they 
become: for the mean rate of shrinkage between the moon stage 
and the mature earth, 7.44 radial miles per unit increase of mass; 
between the Mars stage and the mature earth, 6.90 radial miles 
per unit; and between the Venus stage and the mature earth, 
9.17 miles per unit. This brings to attention the very suggestive 
fact that the rate of shrinkage per unit of mass increase is greatest 
in the last stage. Next to this, it is greatest in the growth from 
the stage represented by the moon, the body suspected of being 
the most porous, and the least affected by wash, solution, and 
cementation. ‘The first seems to imply that massiveness is the 
dominant influence. Next to this porosity seems to be influential. 

These inferences will appear to be still more strongly suggested 
if we reduce all the four natural bodies to parity-bodies, using mean 
meteoritic material as the basis. The results appear in Table III. 

The third column shows that if the moon had been built up to 
its present mass with material of the mean density of meteorites, 
its radius would fall short of what it actually is by 35 miles; if Mars 
had been built up in a similar way its radius would be 22 miles 
short, while the radius of Venus built in the same way would be 367 
miles greater than it actually is; and the radius of the earth under 
like conditions 572 miles greater than it is. If all these bodies 
were actually built up of mean meteoritic material the figures 
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would seem to mean that the porosity of the moon is represented by 
35 miles in terms of radius, over and above such compression as its 
center has suffered. This may be taken tentatively as representing 
the deep porosity of the moon. Similarly, the porosity of Mars 
would be represented by 22 miles in excess of its central com- 
pression. On the other hand, the actual compression of Venus 
seems to be represented by 367 miles, while the corresponding 
figure for the earth is 572 miles. 
TABLE III 
COMPARISON OF METEORITE-PARITY WITH ACTUAL BODIES 


Shrinkage 
| Between Parity- 











. : Mass Units Body and 
| { s ac Ss > [- f 
Body la = r ' Ra — L Di Ls _ i | t Per C ent Earth Actual Body per 
| or ae — ferences | fass Unit =1 Per 
| | Cent Earth 
| Mass 
| Miles | Miles | Miles Miles 
Moon...... 1080 1045 35 22 — 28.7 
RN ite oc 2170 2148 — 22 10.65 2.90 
i eee 3851 4218 +367 | 80. 70( ?) + 4.5 
Earth........| 3050 4531 +572 100.00 + 5.7 





In the fifth column the degrees of compression are reduced to a 
common unit-mass. This brings out the essence of the matter in a 
striking way. It appears that the moon, built up as it actually was, 
failed to compress itself to the meteorite standard by 28.7 miles 
per unit of mass-growth, and Mars by 2.0 miles per unit, while 
Venus compressed itself beyond the meteorite standard to the 
extent of 4.5 miles per unit of mass-growth, and the earth by 
5.7 miles per unit. This seems to put the first two bodies in one 
category and the last two in quite another category, while it greatly 
emphasizes the progressive nature of the compression from the 
least to the greatest, even per unit-mass of increase. 

Let us, however, hold all these tentative results in abeyance 
until we have more critically considered the probabilities in respect 
to the inherent nature of the material that entered into the con- 
stitution of these four bodies. Meanwhile this preliminary in- 
spection may serve to give point to the study of the genetic con- 
ditions that affected these results. This study will be the theme 
of the succeeding article. 






























THE LAWS OF ELASTICO-VISCOUS FLOW. II 


A. A. MICHELSON 
University of Chicago 


In a paper of Harold Jeffreys entitled “The Viscosity of the 
Earth’? the author makes use of a formula which combines the 
laws of Larmor and of Maxwell. 


. ds _ >, I y . 
WS+1.7 =F of Fdt 


The integral implies a permanent set which, as the author indicates, 
would be inconsistent with the ‘“‘accepted theories of tidal friction 


and variation of latitude. Hence 7; must be practically infinite.” 
ds 


The formula is thus reduced to the expression F =n, S+ty: 
Experiments made on a great variety of materials show, how- 
ever, that this expression must be seriously modified to represent 
the facts. 
Thus it has been shown! that the displacement produced by a 
stress P is given by the expression S =C,Pe"” +C,Pe?(1—e7-* #)+ 
C,Pe"??4 The last term produces permanent set, so that for the 


; : ee ae <i I 
present it may be omitted. Putting C [= and C,= gem Ves 
I 2 
this becomes 
n,A> Pe. 
S= | at (1-e ‘)| whence 
N, nt; 


a. ds \ Ny 
m( Str) =P(4.+%4,) . 


t “The Laws of Elastico-Viscous Flow. I’ appeared in Jour. Geol., XXV (1917), 
Pp. 405-10. 

2 Monthly Notices of the Royal Astronomical Society, LXXVII, No. 5. 

3 “The Laws of Elastico-Viscous Flow,” Jour. Geol., XXV (1917). 

4 The strains in these experiments were torsional, thus involving only the rigidity 
constant ». In the formula as given in the paper referred to the coefficients C and the 
exponents / are functions of the temperature. The stress P is constant and p is 
approximately one-half. 
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For small stresses A,=A,=1, and if m, equal m, this expression 
takes a form resembling that given by Jeffreys. 

It is important to note, however, that this formula is based on 
the assumption that the viscosity is “‘external,” that is, it acts as 
though the viscous resistance were due to an absolute velocity 
But this is by no means evident; and indeed the probability is 
that a considerable part if not the major part of the viscous resist- 
ance may be “internal,” that is, due to the relative motion of parts. 
Thus if an element consists of two parts y and z, y being coupled 
to the next adjacent element by an elastic coupling m, and with z 
by an elastic coupling ,, together with a viscous coupling e,, while e’ 
and e: represent the “‘external”’ viscosities, the equations of motion 
will be 

pz =e,(3— y)+n,(s—y)+ els 
d*y 


pay =e,(3 —)yta(s—y)+ey+mr, 


If p.e! and e! be considered negligible, the solution, for not too 
rapid extinction, is 
2=ae—** cos p(t—vx), 
in which 
ig (%a—pp*) +pe 
p n,(n,—pp’)+ pe 


p/apte 


ve 2V/ m,|n.(n.—pp*)+ p’e’] © 


If pe is large compared with n, 


so that in this case the higher the viscosity the less rapid the decay 
of the oscillations—quite the reverse of the conclusions on the former 
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assumption. But the appearance of @ = )/ ¢ is a more serious matter, 
making the use of the formula much more difficult. 
The operator which should replace m is therefore 


ds 

I+27T} FT 

RY 

1+—A, 
n 


2 


But the application of this formula to such a problem as the 
earth’s viscosity is still further complicated by the fact that all 
the constants are functions of the pressure and of the temperature 
in the earth’s interior. Even though more or less probable assump- 
tions may be made regarding the value of temperature and pressure 
as functions of the distance from the center, we know but little 
regarding the effect of these factors on either rigidity or viscosity. 
It was found that the temperature effect may be represented with 
considerable accuracy by the expression 


~ (K+b5P)¢@ 
A=Ee**)?, 
in which P is the applied stress, @ the temperature, and E, K, and } 
constants. 
For room temperature the values of b#=h are given in 


Table IV. 


If we take #,=0.2 as fairly representative 
2P ~ 
S,=Pee™ (1-e~ V') + 


The unit P = 100 gm., so that G the couple=Pr gm.cm. Thus 
I x 
we get for the displacement, after a sufficiently long time, 


‘ s 2 
S=Pee 7 and tes 
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Table I shows the very great increase in importance of the 
elastico-viscous term for large stresses. The same is also true for 
the purely viscous term. 


TABLE I 
) = S/P 
Dinckescaskasionuaewns I 
Sicdisxacqasehatnaveuwees 3.2 
BOs 6. 6sd24 crasceeeeenne 7. 
hc cake nseweene aes ee 


: ° - . . 
Table II gives the ratio — for twenty-two materials, showing 
I 


that there are certainly two elasticities, one of which is not accom- 
panied by viscosity and the second is thus affected. In every 
case excepting that of sealing wax, where the ratio is unity, the 
second elasticity is much greater than the first, and in some cases 
enormously greater. 

TABLE II 


N Na 

ny Nx 
Re cee ae eer 150 
ra cpoln scx ha a Oe: GR, ca ckes hae eeaeeeeeen 50 
| SEES ee et a er ery 35 
ET Or reer Be Be yi ink nde eee 40 
NN 6 dl Ginvaw to wack eects S Ca 6 ac etcksnsdnemen 65 
ee CA “Gs sc cranccivssnsebianen 150 
SG Dein hs ica cee ladders 12,000 Magnesium.............0%. 250 
0 ne oe eee S WN, 6 eaksv siden sees 7 
I oc ecraecoe te ew aiets bi TS cia tice went 0< Sete 5° 
en ee eee Me TEs nnincdciediotenas 80 
| ey ERS oS ee le ae Gk. a ey I 


The introduction of 1/¢ instead of ¢ itself is a step so radical 
that it may be well to give an illustration in its justification. For 
this purpose it is desirable to choose a material in which the elastico- 
viscous effect is well marked. This is notably the case for vul- 
canite, which has the added advantage of the relatively small 
importance of the third or purely viscous term. This illustration 
is perhaps the most striking in showing the appropriateness of // ¢ 
instead of ¢; but all the materials investigated give similar results. 











A. A. MICHELSON 
Table III is a table of results for R,, the return at the time 
after releasing the stress.‘ R,,, gives the result of calculation 
from 
R=890(1—e757'4) - 
R, gives values calculated from 
R=840(1—e~*”) . 
The differences between calculated and observed values under 


A, and A, show that the former expression is very near the truth, 
while the latter is entirely inadequate. 





TABLE III 


‘ Ro Ry; As R; ds 
Bocce 350 | 357 7 277 —103 
2 490 402 2 462 — 28 
4 600 605 5 672 + 72 
icons 730 } 720 —I 820 + 90 
16 800 802 2 838 + 38 
25 840 841 I 840 fore) 

SD. i ccuss 853 | 851 —2 840 — 13 
oo 800 S9Q0 ° 3840 — 50 

















While the term involving a permanent set may not have any 
application to the problem of the earth tides, yet it may not be 
amiss to draw attention to the fact that in some cases and espe- 
cially at temperatures approaching the melting-point, this term 
becomes the most important of all. The temperature coefficient 
in this case enters in the form 6/T—8@, giving as it should perfect 
fluidity at 7, the melting-point. 

In the former article the expression given for this viscous 
term is S,=(F?)’, in which F =C,Pe”” and p is stated to be approxi- 
mately one-half. 

From more recent data the average value of p is .41; and if 
from the nineteen substances examined four be excluded the average 
is .35, which makes it much nearer one-third than one-half. 

*It was found by experiment that for stresses not too great the “direct” curve 
(on applying the stress) and the “return” curve (on releasing) were the same; or 
rather if the former is S and the latter R, then S+R=Ci. 
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The expression for the viscous term should be S,= (Fi)! if the 
stress (P) is constant. If P is a function of time 


S,=({Fdt)}. 


Thus if P be given a constant value for a time 4 and then 
changed to P, the corresponding value of the viscous term would be 


S,=(Foto—F,t)' . 


If the first stress be considerable and act for a long time the 
effect of the second stress is negligible. 

Table IV is a provisional table of the constants which appear 
in the formula for the torsional strain at room temperature. 


S=A,+A,(1-e7*Y )4+-A,P+A,, 


in which A=CPe*’. P is the weight acting on a pulley of radius 
5 cm., the unit of weight being 100 gms. and the unit of time one 
minute. The specimen is a cylindrical rod 7.5 cm. long and 4 mm. 
in diameter. 

The term A,, which may be termed the “lost motion,” should 
probably be considered as a part of the viscous term, but with a 
very small exponent r, so that the whole viscous term may be 
represented by 

S,=C,Pe™ (?+B?) . 














THE GREAT GLASS-SPONGE COLONIES OF THE 
DEVONIAN; THEIR ORIGIN, RISE, AND 
DISAPPEARANCE 


JOHN M. CLARKE 
New York State Museum, Albany 


A very striking feature of the biota of the Devonian as repre- 
sented in the state of New York is the extraordinary development 
in its late stage, the Chemung period, of its silicious hexactinellid 
sponges. At various levels in the sandy deposits of this time they 
are found, sometimes as scattered individuals and sometimes in 
plantations of uncounted numbers, so that it is safe to say that from 
the bottom of the formation in the “southern tier’”’ of counties to 
near its summit, the hexactinellids of this order, the Dictyospongida, 
are many times more abundantly represented than in all the rest of 
the world together. In their extensive monograph of these sponges 
Hall and Clarke ascribe seventy-seven species in sixteen genera to 
this formation within the borders of New York and the same rocks 
in northern Pennsylvania. Clarke has described a number of 
additional Chemung species, so that there are now about ninety 
outstanding specific designations for this Devonian assemblage. 

Sometime it will be a subject for discussion among morphologists 
whether this so-called order, Dictyospongida, is homogeneously 
constituted; probably it is not, but so seldom is the spicular struc- 
ture retained in the sandy matrix that on the basis of general form 
and habit, and the arrangement of the spicular bands which are 
usually sharply preserved in impressions, all the sponge occurrences 
in this formation and those of like composition in the Mississippian 
faunas of Ohio and Indiana are now for convenience put in this 
single group. That they are for the most part accurately referred 
to the hexactinellids is abundantly shown by the spicular structure 
of the Mississippian species which has been demonstrated. The 
described species and genera have been established with the best 
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knowledge available; more exact determinations must await better 
preserved materials. 


AREA OF OCCURRENCE 


The area of deposition in which these Devonian hexactinellids 
are most prolific is quite distinctly limited along the line of outcrop 
in the region running from Cattaraugus County on the west to 
Otsego County on the east, about 150 miles; they accompany the 
area of most typical sandy sediment. As soon as the formation 
begins to lose in sand in its extension westward and to the east the 


sponges disappear. 
NUMBER AND NATURE OF COLONIES 


While scattered individuals and groups of sponges occur at 
random through these rocks and add much to the variety of the 
fauna, it is the great plantations or colonies that are here the subject 
of special reference. It is probable that we know as yet but few of 
the colonies that once existed. Some have been irreparably lost 
and doubtless others await discovery. But we may here take note 
of the following: 

1. The Hamlin Farm Colony, Naples, Ontario County.—This 
lies nearest the base of the formation and is the oldest of all the 
colonies known. It appears to have been entirely composed of the 
species Hydnoceras tuberosum Conrad, of the tuberous or “‘alli- 
gator tail’ type. Some hundreds of specimens have been found 
here. 

2. The Brown Hill Colony, near Avoca, Steuben County.—Here 
again Hydnoceras tuberosum, the type of the genus and the first of 
all the dictyosponges to be described, is the prevailing if not the 
exclusive form. Wagonloads of these sponges have been taken 
from this place. 

3. The Jenks Quarry Colony, near Bath, Steuben County.— 
The sponges here are also of the tuberous type but belong to the 
species H. bathense, H. & C., with an occasional representative of 
H. botroedema H.& C. This is the largest of all the assemblages. 
Workmen in the quarry, 30 years ago, found a layer of sandstone 
with a “curly grain” running through it that made it unfit for their 
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market and it was thrown out on the spoil bank. The discarded 
blocks came to the attention of the state’s geologists and a carload 
of the layer was specially quarried for them. One slab of this 
layer, 8’ 4’, now exposed in the State Museum, carries about 250 
sponges lying as they were left, knocked over on their sides by some 
heavy tide. The carload of sponges contained probably not less 
than 5,000 individuals. The layer carrying them extended over the 
full face of the quarry, 120 feet, and indefinitely inward. The 
census of the colony cannot be estimated except in very large figures 
of tens of thousands. 

4. The Irish Hill Colony, near Bath.—This is known only by 
the multitude of specimens of H. botroedema found loose in the 
soil at this place. 

5. The Halli Colony at Wellsville, Allegany County.—Here the 
horizon is high in the formation and the species is Thysanodictya 
Edwin-Halli H., of which several hundred specimens were found 
by the late E. B. Hall, of Wellsville. 


PREVIOUS HISTORY OF THE DICTYOSPONGIDA 


Limiting the term to the characteristic expressions of the 
Devonian and Mississippian, they have little record of previous 
history; there is a single doubtful specimen from the mud beds of 
the Hamilton shales (Clathrospongia ? hamiltonensis Hall) and some 
hexactin patches in the black Marcellus shale, D. ? marcellia Clarke. 
Fragments of like type, but heretofore unrecorded, have been 
found in the Rochester shale of New York. In this statement we 
are eliminating from the group the Cyathospongia forms of the 
Utica shale, the Levis beds of Little Metis (Ordovician), and the 
extensive assemblage of similar hexactinellids in the Cambrian, 
especially those found by Walcott but not yet described. It is 
proper to exclude these even though they may have full ordinal 
relation with the Devonian species, because of the vast vacant 
interval of time between the earlier and later records. There 
were species of these sponges in the upper beds of the Portage 
group (three of Hydnoceras, one of Prismodictya, one of Dictyospon- 
gia, and one of Clepsydrospongia), but they must be regarded as 
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belonging to the advance guard of the Chemung army, as in various 
respects the faunal relations of the two are close. 


HABITAT OF THE DEVONIAN SPONGES 


These glass sponges obviously grew on sandy bottom at a depth 
which could not well have been more than one hundred fathoms, and 
probably not more than fifty. The waters of the epicontinental seas 
were always shallow; even the clay and lime muds betoken no depth 
comparable to the deep-sea oozes and blue muds of the present 
oceans. There is no single exception to this interpretation that 
could carry any weight in the presence of such overwhelming proof 
of the adaptation of this great array to conditions of life wholly 
unlike those under which their successors are living. When the 
Devonian time was over the simpler and typical expressions of 
the obconical, prismatic, and nodose sponges disappeared and were 
replaced by accelerated species of like stock (twenty species are 
recorded by Hall and Clarke) in the Mississippian stage, the 
Waverly and Keokuk divisions, in which there is a notable increase 
of lime sedimentation and consequent evidence of a deepening sea. 


HABITAT OF LIVING HEXACTINELLIDS 


Depth habitat—Generally and specifically, these are deep-sea 
animals. Agassiz dredged them from 2,410 fathoms, but the 
“Challenger” expedition, as shown in Schulze’s report, determined 
a greater range and a greater depth. The “Challenger” garnered 
about one hundred species, none of which grew at less than ninety- 
five fathoms. The summary of the record is as follows: 


From 9500 S00 GALROURD. 2... coc cecscieccss 24 species 
200 to 300 fathoms............. ... hone 
301 to 700 fathoms 35 species 
7o1 to goo fathoms.... 
ee er re 2 species 
1,001 to 2,900 fathoms . . 47 species 


Thus all the species are of the deeps and many of the very great 
depths. 
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Ground habitat—The nature of the ground determined for ror 
of these species is given by Schulze as follows: 
Material Number of Species 
Sand 
NS 8 Gs 325 oc awn c @aas Seen nee 
Hard ground 
Coral mud 
Volcanic mud 
Green mud 
Red mud 
Mud (including blue mud) 
Red clay 
Globigerina ooze 
Pteropod ooze 
Radiolarian ooze. 
Diatom ooze 


Schulze observes that forms equipped with root tufts were 
principally found in soft muddy ground, and in the Devonian seas 
the species generally were provided with a more or less conspicuous 


tuft of this kind. 

Temperature habitat-—The temperature of the Chemung period 
was probably pretty cool. Glacial ice had formed over the ele- 
vated land of the middle Devonian on the Atlantic border of this 
continent and now with partial resubmergence the refrigerated 
waters were discharging themselves, with abundant landwash, 
into the shallow seas. In the Portage division of the late Devonian 
an immigrating warm water fauna (the Manticoceras intumescens 
fauna) coming in from the west was blocked and stopped on its 
way, driven out or destroyed by the presence of the cool waters 
carrying the Chemung fauna. 

Today the hexactinellids show an apparently different tempera- 
ture control, as witness the “Challenger’s”’ record: 

North Temperate zone.............. 20 species 
WE, bccsegs's ieee ee 45 species 


South Temperate zone. . — 35 species 


This apparent difference is compensated by the cold of the deep 


waters. 
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RELATIVE ABUNDANCE OF LIVING AND DEVONIAN SPECIES 

Continuing to use the “Challenger” reports we find a contrast in 
the abundance of individuals growing in any one place, but in 
making this comparison we must remember that the zodlogist is 
dipping into the sea bottom with a rake on the end of a string, 
while the paleontologist is on the sea bottom itself, with dynamite, 
crowbar, and hammer. The ‘Challenger’s” dredgings rarely found 
any considerable number of individuals at any one place; “gen- 
erally only one or two specimens of each species were obtained 
at the same locality. Sometimes, however, a considerable number 
of specimens were found at once.” None of this evidence seems 
to point toward colonies or plantations in such vast numbers as in 
the Devonian. Today the strongholds of the hexactinellids are 
about the Philippines, Little Ki and Kermadoc islands; in the 
deeps of the southern Indian Ocean between Prince Edward and 
Crozet islands; and in Atlantic waters, off the Bermudas and 
St. Thomas. 


ONTOGENY OF THE DEVONIAN SPONGES AS AN INDEX OF THEIR 
ADVANCED AGE AND SPECIALIZATION 

There are four simple types of morphology, contemporaneous 

and combined, among the Devonian dictyosponges: (1) the smooth 

obcone, regularly expanding like a cornucopia and gently con- 

tracting about the open aperture; (2) a six-sided prismatic or 


banana shape; (3) a subprismatic obcone with successive trans- 
verse rows of tufted nodes, typically eight to a row; (4) long obcones 
with con-entric rings, like the horn of an Oryx. These simple 
expressions have a successive value in ontogeny. 

The first group constitutes the genus Dictyospongia. The 
second, in its typical expression, is the genus Prismodictya; but 


in several species not included in that genus the prismatic phase is 
superinduced upon and subsequent to the smooth phase. In other 
genera or species the later growth of the prism may show a tendency 
to develop nodes at the prism angles. Hydnoceras is the name 
applied to the typical tuberous or nodose forms and Ceratodictya 
expresses the annulated phase. These different expressions are, 
as just observed, essentially successive in the chronologic order of 
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ontogeny. In a progressed species the preliminary phases may be 
reduced by acceleration and even suppression but they are usually 
determinable; that is, a species of Hydnoceras (cf. H. Walcott 


Fic. 5 Fic. 6 Fic. 7 


Fics. 1-3.—The typical or radicle form as expressed by (1) Cyathodictya and 
(2, 3) Dicyospongia. 

Fic. 4.—The development of the Prismodictya faces. 

Fics. 5~7.—The Prismodictya type with inception of Hydnoceras tufts. 


Clarke) will show over its initial surface, first the smooth and then 
the prismatic and tufted development, and even in its mature 
and final expression, decided development of the concentric rings. 





JOHN M. CLARKE 


These features of ontogeny are brought out for a number of species 
in the accompanying figures. 


-Various expressions of the Hydnoceras tufted type in which the 
Prismodictya and the earlier Dictyospongia stages are indicated. 

Fic. 12.—Hydnoceras Walcotti; an extreme expression of this combination, show- 
ing notable retention of the Dictyospongia stage, union of the prismatic and tufted 
stages, and the development of the annulated condition. 

Fic. 13.—Botryodictya, a condition in which the Dictyospongia stage is pro- 


tracted and abruptly develops into a cup-shaped, tufted, and pouched condition. 


In many species ontogenetic development is carried into 
extremes of nodosity and annulation, resulting, especially in later 
species, in great variability of form even within the confines of the 


Devonian. 
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Enough however has been given to indicate the degree of mor- 
phologic specialization displayed by these hexactinellids in the 


Fic. 17 Fic. 19 

Fic. 14.—The incipient annulated or Ceratodictya stage. 

Fic. 15.—The annulated stage combined with an extreme expression of the 
prismatic form (Rhabdosispongia). 

Fics. 16, 17.—Phases of the Ceratodictya stage, Hydnocerina (16), showing 
departure from the type. 

Fics. 18, 19.—Expressions of two of these phases (Rhabdosispongia and Hydno- 
ceras) from the Frasnian formation of France. 


Devonian, a condition which must have required ages of time to 
work out. The Devonian sponge colonies must therefore have had 
a vast ancestry. 
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WHERE DO THESE DEVONIAN SPONGES COME FROM AND WHAT 
WAS THEIR ANCESTRY ? 


The answer to the first query may take this form: Between the 
species in the dark shale of the early Ordovician (Levis shales) and 
this invasion in the late Devonian, there is but a single recorded 
species which would seem safely placed among the Dictyosponges, 
viz., Dictyospongia danbyi McCoy from the Upper Ludlow (Silu- 
rian) of Westmoreland. We have referred to a similar occurrence in 
the Silurian of New York. It is quite possible that these were but 
derelicts tossed shoreward. The striking hexactinellids described 
by Dawson from the Levis shales seem to have for the most part the 
simple obconical foundation with special developments of spicular 
tufts which indicate that up to this time there had been no wide 
departure from the simple type of Cyathospongia which is repeated 
in the genus Dictyospongia. The other differentials of the Dictyo- 
spongida do not appear." 

The dark shales in which those early species (Ordovician and 
Cambrian) are preserved indicate a greater depth of water than 
do the Devonian colonies. We may therefore think of them as 
having invaded the deeper epicontinental seas from the much deeper 
waters of the continental edge at a time when the way was freely 
open to the margins of the platform. If they were traveling in 
toward ever-shallowing water there would or should be remains 
of them in the black shales and the sands of the interval deposits. 
There are none, and the fact constrains us to think that, instead of 
traveling into shallow waters, they were moving back to the deeper 
waters, where, concealed from the accessible rock records, they were 
working out their evolution. Then some impulse which may not 
be defined? drove them into the shallow epicontinental waters, 

* It is presumed, but not proven, that these early hexactinellids were Lyssacine, 
that is, had the parenchymous tissue filled with detached spicules as contrasted to 
the fused parenchymalia of the Dictyonina. 

? Austin H. Clark, writing of causes of marine migrations, says: “Internal specific 
pressure due to enormous increase in the number of individuals within a species operates 
not only to cause a species to colonize bathymetrically undesirable locations or unnatu- 
rally cold and uncongenial regions such as the polar seas but also to force species into 
small localized areas.”” (Quoted by Ruedemann, Paleontology of Arrested Evolution, 


p. 128, 1918.) 
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clothed in their new differentials. No shallowing of the sea or 
positive diastrophy is required for this explanation. By the time 
the Chemung outburst of species was effective all egress to or 
access from deep water was shut off. Examination of Schuchert’s 
paleogeographic maps of this time will bring out this condition 
clearly. There was no deep-water Devonian in the vicinity at that 
period; to the east and south lay the Appalachian lands; to the 
north Laurentia, and on the west a long and, we must say, putative 
channel reaching in from the Pacific border. Through this channel 
the sponges may have gone out. 

We conclude that the long evolution of these sponges from their 
appearance in the dark Cambrian and Ordovician muds to their 
immigration in the late Devonian was passed in the deeper waters 
of the continental edge and is recorded in sediments beyond the 
present reach of our observation. 

Barrois discovered the Dictyosponges in the Psammites du 
Condroz of Jeumont in Brittany in sandy sediment at a horizon 
equivalent to the Chemung of New York, and four of these species 
in three genera were described and illustrated by Hall and Clarke 
(op. cit.). This is interesting collateral evidence of the widespread 
influence which in the Northern Hemisphere impelled these sponges 
on to the platform seas. 


WHY AND WHERE DID THE CHEMUNG DICTYOSPONGES GO? 


The course of their ontogenetic development shows that their 
later expression assumed gerontic and adaptive characters in great 
variety. The stratigraphic record indicates that the sandy bottom 
on which the New York colonies and their contemporaneous species 
grew was overwhelmed by incursions of coarse gravel washed in 
from the rivers of the eastern Appalachian land. These terminated 
their local existence and the Devonian period as well. Their emi- 
gration from southern New York was westward and into deeper 
waters of the Waverly group of western Pennsylvania and Ohio 
and the Keokuk lime muds of Indiana. In these Mississippian 
sediments they make their last appearance. But they were on 
their way down to deeper waters and we find no reason against the 
assumption that it was the westward course they followed on to 
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the epicontinental margin. As Dictyosponges they have never 
reappeared, nor as Lyssacine hexactinellids. That réle was played. 
When their successors came back in the Jurassic and Cretaceous 
times their independent spicules had been fused into continuous 
networks and, as Dictyonine sponges, they carried on their impor- 
tant work as reef and rock builders. Seldom, however, did they 
reproduce the form of their Devonian predecessors; indeed the 
ancient form is far better revived in the glass sponges of today. 
That, too, is an interesting illustration of once more passing the 
same point on the cycle of their development history. 
SUMMARY 

1. In the Cambrian and Ordovician times the Lyssacine 
hexactinellids grew freely in the black muds of moderately deep 
epicontinental waters. 

2. They were on their way off the American continental plat- 
form and down to the marginal seas. 

3. Here they carried out their evolution during the long Silurian 
(when a stray species came ashore) and all the early stages of the 
Devonian. 

4. In the later Devonian they return in great force and with 
their evolution fully under way, but not to such an extent as to 
conceal their ontogenetic stages and the radicle expression on which 
they were based. To this reappearance on the epicontinent they 
were evidently impelled by some vis a fergo, some compelling 
external force, probably the invasion of their province by a dominat- 
ing life-element of another kind. They were caught in a general 
migration of the time into the shallow and cool waters of the 
Chemung, and in these waters they perfected their evolution. 

5. Out of these shallow waters they were driven by an incursion 
of fresh waters which flooded the Devonian province with gravel 
from the eastern lands. 

6. They migrated thence westward into the deeper waters of the 
Mississippian and from there once more to the circumcontinental 


seas. 
7. In their return to the epicontinents of the Jurassic and 


Cretaceous their development had advanced to a change of skeletal 
structure and a wide variation of form. 
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8. Their departure from the Mesozoic epicontinents came with 
the opening of the Tertiary. They have never returned to epi- 
continental waters. 

g. Today their descendants present a wide vertical range in the 
ocean waters, indeed an extraordinary adaptation through 2,800 
fathoms. The deepest water forms are hopelessly isolated—they 
cannot climb the hill back to the zones of evolution and they will be 
as they are for future generations of observers. It looks as though 
all of them were traveling down to the depths; in which case the 
race will become stabilized and “immortal.” : 

10. The history then is one of cycles of migration and develop- 
ment, of compelling impulses governing the former and probably 
inducing the latter. 








See 





A QUANTITATIVE MINERALOGICAL CLASSIFICATION 
OF IGNEOUS ROCKS—REVISED 


ALBERT JOHANNSEN 
University of Chicago 
PART I 

In response to a request published in a former paper on a quanti- 
tativé mineralogical classification of igneous rocks,’ numerous letters 
have been received from petrographers in this country and abroad. 
Practically no objections were raised except against the separation 
of the feldspar molecules. With this separation the writer himself 
was not fully satisfied, and he reverted, shortly after the paper was 
published, to the subdivisions used by him when the classification 
was first presented to his students some nine years ago, namely, 
that of dividing the feldspars simply into plagioclase, on the one 
hand, and the remaining feldspars, on the other. In the following 
article this change is shown. A further modification is introduced 
in Class 4, although no objection was made to it as previously given. 
The new subdivisions are somewhat simpler than before. 

An extensive change, embracing the omission of the 72 families 
of the monzonite series (Fig. 1), was contemplated, and personal 
letters were sent to a considerable number of petrographers asking 
opinions. Unfortunately the answers were so far apart that it has 
seemed best to allow the divisions to remain as they were. The 
need of more uniformity in classification was brought out clearly 
by the replies to this one question, as a comparison of the granite 
quartz-diorite series of several petrographers will show (Fig. 2). 

Essentially the system now is as follows. For a detailed descrip- 
tion the reader is referred to the former paper. 

Classes.—On the basis of the amount of dark minerals (mafites) 
present, the igneous rocks are divided into four classes, the division 
points being o—5—50-9g5—100 per cent mafites. 


* Albert Johannsen, ‘‘Suggestions for a Quantitative Mineralogical Classification 
of Igneous Rocks,” Jour. Geol., XXV (1917), 63-97. In that paper delete eudialyte, 
p. 90, l. 15, and change /ess to more under Class 1, p. gt, l. 26. 
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Orders.—Each of the first three classes is divided into orders 
(Fig. 3) according to the Ab-An ratio in the plagioclase. The 
division points are AbyooAbo, Ab,;An,;, Abso.Ans., Ab; An,;, AbpAnjoo. 
There are thus formed, for each class, four double triangles (Fig. 4), 
in each of which three angles represent (1) quartz (Qu), (2) all 
feldspars except plagioclase (Kf), and (3) the feldspathoids (Foids). 






Granite 





grtho- : Quartz- 
ow te Granite —— rite 





Gran Dior. 











enite ' Quartz 


K-Gr, \Norma1|Gran. 


Fic. 2.—Variations in the usage of names in the granite quartz-diorite series: 
A, divisions used in the present classification; B, divisions suggested (cf. Fig. 1); 
C, Lindgren’s original divisions; D and £, divisions as used by certain other 
petrographers. The right ordinate is orthoclase, the left, plagioclase. 
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The remaining angle (Plag) represents albite (Naf), oligoclase to 
andesine (CaNaf), labradorite to bytownite (NaCaf), or anorthite 
(Caf), and these constitute the basis for the separation into Orders 
I, 2, 3, and 4. 

In Class 4, owing to the absence of light constituents, it is neces- 
sary to make the subdivisions on a different basis: In this class, 








| 
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therefore, each order represents an increased amount of the “‘ores”’ 
(Fig. 5). The division points, as in the other case, are o-5-50- 


95-100. 





Poids 
Fic. 3.—Subdivisions of the tetra- Fic. 4.—Family divisions in Classes 
hedron into orders. 1 to 3. 

Families —Finally, each order is subdivided into families. In 
Classes 1, 2, and 3, the divisions, as shown in Figure 4, are at o-5—35- 
65-95-100 on the feld- 
spar base line, and at 
o-5—50-95-100 from this 
line up or down toward 


Olivine 


quartz or the feldspath- 
oids. Families o, 1, 6, 
11, 16, 21, 26, and 31 
occur only once in each _piotite 





- . Amphibole "Ores" 
class (cf. Fig. 3), since 
-— nate. ab 
the amount of plagio naditen 
clase in each, whether Fic. 5.—Orders and families in Class 4 


it be albite, acid plagio- 

clase, basic plagioclase, or anorthite, is too small to make an 
essential difference in the rock. ‘These “hinge families” are classed, 
for convenience, in Order 1. 
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In Class 4 the orders are subdivided as in Figure 5. 





4! 


The families 


are numbered from 1 to 12, as shown, and are divided at o—-5—5o— 
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Adamellite 
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-Families in Class 2, Order 2 


Nophelite- 
bearing 
Diorite 





The three corners, in Orders 1, 2, and 3, represent respec- 


tively olivine, biotite and (or) amphibole, and the pyroxenes. 
thought desirable, 
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represent the various ores; the writer, however, groups the ores 
in one family, for, considered as rocks, they are unimportant and 
hardly worth separating. 


THE MINERAL GROUPS 


The constituents of the rock are divided into three primary 


groups: 
QUARFELOIDS 
(Qu) Quartz 
(Kf) Orthoclase, microcline, microperthite, anorthoclase, etc. 
(Plag) The whole isomorphous Ab-An series of plagioclases 
(Foids) The feldspathoids (nephelite, leucite, sodalite, hauynite, noselite, 
melilite, primary analcite, etc.) 


MAFITES 
Dark micas (biotite, phlogopite, etc.) 
Amphiboles 
Pyroxenes (including uralitized pyroxene) 
Olivine 


Iron “ores” (magnetite, ilmenite, chromite, pyrite, hematite, etc.) 
Cassiterite 
| Garnet 
Minor } Primary epidote 
Mafites | Allanite, zircon, rutile, primary titanite, spinel, and other dark 
minor constituents 


AUXILIARY CONSTITUENTS 


The auxiliary constituents are seldom of importance. 


Topaz Primary scapolite 
Tourmaline Primary calcite 
Cordierite Muscovite 
Corundum Lepidolite 
Fluorite Zinnwaldite 
Andalusite Apatite, etc. 


Most of the auxiliary constituents are light in color; they are, 
consequently, computed among the leucocrates. 


SECONDARY CONSTITUENTS 
Secondary constituents are to be calculated as the originals from 
which they came. Thus ore replacements of the mafites are com- 
puted as mafites, kaolin as feldspar, etc., chlorite as a biopyribole, 
analcite as feldspathoid, pseudoleucite as leucite, etc. 
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GLASS 


Glass must be computed from an analysis. One can usually 
surmise its composition from the character of the phenocrysts and 
the appearance of the rock as a whole. When undetermined, the 
rock must be given a tentative name, such as hyaline-rhyolite, etc. 


RULES FOR COMPUTING ROCKS FROM THEIR MODES 


1. The sum of the minerals in the mode should be 1too+o.5. 
If less it should be recalculated to 100. The sum of the leucocrates 
(quarfeloids plus auxiliary minerals) determines the class. 


Class 1. Leucocrates form more than 95 per cent of the total component. 
Class 2. Leucocrates between 95 (inclusive) and 50 per cent. 

Class 3. Leucocrates between 50 (inclusive) and 5 per cent. 

Class 4. Leucocrates between 5 (inclusive) and o per cent. 


2. Determine the orders in Classes 1, 2, and 3 directly from the 
Ab-An ratio in the plagioclase. 


Order 1. AbrooAn, to AbysAns. 

Order 2. Ab,sAn; (inclusive) to AbsoAnso. 
Order 3. AbsoAnsgo (inclusive) to Ab;Ang;. 
Order 4. Ab;An,,; (inclusive) to AboAnyoo. 


’ 


In Class 4 the orders are determined by the percentage of “ores.” 
Reduce the sum of biotite, olivine, pyribole, and “ores”’ (including 
cassiterite, chromite, etc.) to 100, dropping the minor mafites, 
apatite, garnet, perofskite, any small amount of quarfeloids, etc. 
The percentage of “‘ores’’ determines the order. 


, 


Order 1. oto 5 per cent “ores.’ 

Order 2. 5 (inclusive) to 50 per cent “‘ores.’ 

Order 3. 50 (inclusive) to 95 per cent “ores.” 
me 4 SI 

Order 4. 95 (inclusive) to 100 per cent “‘ores. 


’ 


” 


3. Determine the family. In Classes 1, 2, and 3, first recalculate 
the quarfeloids to 100. The amount of quartz (or feldspathoid) 
thus determined immediately locates a row of five horizontal 
pigeonholes, in one of which the rock belongs. Recalculate’ Kf 
plus plagioclase to 100 and determine the proper point on the 

*It is immaterial whether the orthoclase-plagioclase ratio is taken from the 
original values or from those reduced as quarfeloids to 100, The results are naturally 


the same. 
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Kf-Plag base line. This determines the vertical series of pigeon-. 
holes, and its intersection with the horizontal series gives the proper 
position for the family. (If plotted graphically, the family is 
directly determined by the position of the intersection of three lines, 
as shown in Example 1, below.) Only when the point falls very 
close to a division line is it necessary to compute the position 
accurately. The separation points for Kf-Plag are at o-5—35-65- 
95-100. 

In Class 4, Orders 1, 2, and 3, recalculate the olivine, pyroxene, 
and biotite plus amphibole to 1oo (Fig. 5) and find the proper 
position graphically, or find the position analytically by taking 
the ratio of the mineral of one corner to each of the others; thus 
amphibole to olivine, amphibole to pyroxene, and olivine to 
pyroxene. The division points are o—-5—50-95—100. 

In Class 4, Order 4, the writer groups all the ores in a single 
family, but classifies the various hematite, ilmenite, magnetite, 
etc., ores as subfamilies. If desired, they may be further separated. 
If accessory dark minerals, not used in the computation, are abun- 
dant, they determine subfamilies and may be mentioned in the 
rock name. 

4. Subfamilies. In all classes subfamilies are based on o—5—5o0- 
95-100 division points, after the manner shown in Figure r. 


A FEW POINTS TO BE OBSERVED 


Any percentage value falling exactly on a line should be moved 
toward the opposite apex of the triangle except as indicated below. 
Thus a syenite with 5 per cent quartz is classified with granite, 
a rock with 95 per cent mafites belongs to Class 4, and one with 
95 per cent quarfeloids to Class 2; Ab,,;An, belongs to Order 2, and 
Ab,An,, to Order 4. If the divisions fall on the 50-50 line of quartz 
they are moved upward, or on the 50-50 line of foids downward, 
toward the apices; that is, they are placed in Families 1 to 5 or 
26 to 30. Rocks falling on the 50-50 light-dark line are classed 
with the dark, while along the plagioclase line Ab,.An,,. is classed 
with basic plagioclase. Rocks falling on the line separating the 
two triangles, namely, on the feldspar base line, usually should 
be classed on the quartz side, that is, on the normal side, but if 
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the rock has affinities with alkalic rocks it should be placed on the 
foid side. 

In Class 4 the medial lines. pass through the center of gravity ; 
of the triangle, consequently rocks falling on these lines are arbi- 
trarily moved into the families shown by the small arrows in 
Figure 5. 

For classificatory purposes, it is seldom necessary to make 
exact determinations of the mineral percentages. Unless the 
proportions are such that the rock falls near a division line, a simple 
inspection will answer. Thus it is usually possible to determine 
very quickly whether the dark constituents are less than 5 per cent, 
between 5 and so per cent, etc.; whether the quartz forms more or 
less than 5 per cent of the light constituents, and whether the ortho- 
clase forms more than 95 per cent, between 95 and 65, between 65 
and 35, between 35 and 5, or less than 5 per cent of the total feldspar. 

Of course, if the rocks are to be plotted as points in the triangle, 
more careful determinations are necessary. 


POR ee my 


EXAMPLES 


Example 1.—A granodiorite having the composition 


een 


NN. vecctwedacecrarceeees 18.0 = 23.1 
BO ee er 18.0 23.1= 30.0 


: 4tetes 
2 ee ase A ae on 


aes 





Andesine (AbyAnj).......... 42.0 = 53.8= 70.0 

Total quarfeloids......... 78.0 100.0 100.0 

PE Abtastiekneneecdew ks 12.8 | 
BI ids iacccceasucane 9.0 i] 
eee ee ll H 
EI, éhwxies ist sccanensas Ss i 
Bet MER. s 6K cdseces 22.0 fl 
100.0 ‘ 
x 


“ 
a 


sey 


Percentage quarfeloids= 78. The rock belongs to Class 2. 

Ab,An,o falls between 95 and 50. The order, therefore, is 2. 

The family may be rapidly determined graphically. Plot 
23.1 Qu, 23.1 Or, and 53.8 CaNaf by drawing a horizontal line 
23.1 above the base of the triangle, and an inclined line, parallel 
to the Qu-Plag line, 23.1 from that line. The intersection of the 
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two in Family 9 determines the position of the rock. As a check, 
the point must also lie 53.8 from the Kf-Qu line. 

To compute the family analytically: From the presence of 
23.1 per cent quartz, the family must lie between numbers 6 and 10, 
since there is more than 5 per cent and less than 50 per cent quartz. 
Further, the ratio of Or to CaNaf is 30 to 70, and since the orthoclase 
is between 5 and 35 per cent the family number is 9. 

The rock number, therefore,.is 229, that is, Class 2, Order 2, 
Family 9. (The number is to be read two two nine.) 


Example 2.—A nephelite-monzonite with 





| Se ey ee es eee 21.5 = 39.0 
Oligoclase (AbyAns) ......... 33-5 = 61.0 
Total feldspar........... 55.0 100.0 
Ps bkneee daha seek makes 27.5 
| ae ae ere 8.5 
Total feldspathoids....... 36.0 
Total quarfeloids......... gI.0 
PRR coccccdvcvctecsegens 5.0 
renee ee 2.5 
I. 0. oc inuesatevcdsences 1.5 


Quarfeloid ratio 91, Class 2. 

Ab,. Ang, Order 2. 

Foids to feldspars = 36:55=39.5:60.5. Between Families 21 
and 25. 

Kf to CaNaf=39.0:61.0. Family 23. 

Rock number is 2223. (To be read two two twenty-three.) 


Exampie 3.—A lherzolite with 


CR igceeséescunasdieuess 45.0| 

PER, c onccneedisagens 0.0] ©-4 
RN a nti aed ease baraind 30.0 = 30.6 
Io tveennncneons ee 3.0 = 3.0 
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Since there are neither feldspars, feldspathoids, nor quartz, the 
rock must belong to Class 4. 

The ratio of ferromagnesian minerals to ores is 98:2; therefore 
the order is 1. 

The ratio of pyroxene to olivine is 65: 30=68:32; therefore the 
rock lies along the line of Families 6, 10, and 11. The ratio of 
pyroxene to hornblende is 65:3=96:4; therefore it belongs to 
Family 1, 4,11, 0r 12. Family 11 is the only one common to both 
computations, consequently the rock number is 4111. (To be 
read four one eleven.) 

The rock may be plotted by drawing one line parallel to the base 
and 30.6 above it, and another parallel to the amphibole-olivine 
line and 66.4 from it. The intersection of the two lines locates 
the rock. As a check, the third line, parallel to the remaining 
side of the triangle and at a distance of 3.0 from it, should cross the 
other two at their intersection. 


NAMES PROPOSED FOR VARIOUS FAMILIES 


On the basis of the foregoing subdivisions, nearly a thousand 
modal analyses have been plotted and names have been given to 
many of the families, most of them derived from plutonic rocks 
falling at the center points. In some cases, as in the quartz-rich 
types, family names were taken from differentiation rocks. In the 
tabulation (pp. 12-15) there are many blank pigeonholes, owing to 
lack of good modal descriptions. There are undoubtedly many 
rocks in most of the families here left blank, especially in Classes 2 
and 3, but the majority of published rock descriptions lack mineral 
percentages, making them unavailable for classification. The writer 
is at present engaged in measuring the components of a great 
number of thin sections, most of them of classic rocks or of rocks 
which have been chemically analyzed. 

Blank spaces in the tables below do not necessarily mean that 
rocks are wanting in these pigeonholes but may indicate that none 
falls near the center point, although, on the other hand, a solitary 
rare rock may, in some cases, give its name to the family, even 
though it is not at the center. 



















48 ALBERT JOHANNSEN 


A certain system is used for the prefixes. The terms “granite,” 
“‘syenite,” “monzonite,” “diorite,” etc., are defined, and the 
addition of a prefix to any one indicates a definite modification. 
Where no specific name is available, “leuco-”’ is used to indicate 
rocks of Class 1, ““meso-”’ those of Class 2, and “mela-’’ those of 
Class 3. In most cases the prefix “meso-” is unnecessary, since 
normal rocks belong to Class 2, and these are written without the 
prefix, the class being understood. Thus there are leuco-granites, 
granites, and mela-granites, respectively, in Classes 1, 2, and 3. 
Furthermore, syenites, monzonites, granodiorites, diorites, and 
even gabbros normally contain more than 5 and less than 50 per 
cent of dark constituents, whereby the prefix “meso-”’ is unneces- 
sary. 

Analogous rocks in the four orders of each class similarly have 
distinctive prefixes where no other names are available. The 
rocks of Order 1 have albite as their plagioclase; therefore an albite- 
monzonite is a monzonite whose plagioclase is albite, and in Order 4 
an anorthite-monzonite is one containing orthoclase and anorthite. 
An albite-diorite means a rock all of whose plagioclase is albite; an 
albite-granite, on the other hand, means a granite containing some 
albite in addition to orthoclase, since granite itself is defined as a 
rock consisting of quartz, a biopyribole, orthoclase, and less plagio- 
clase. That is to say, the term “granite” in itself conveys the idea 
of an orthoclase rock with some plagioclase, the latter indicated, 
except in normal rocks, by the prefix. The plagioclase in Order 2 
is oligoclase to andesine, and that of Order 3 labradorite to bytown- 
ites. Acid and basic cannot be used as prefixes for these orders, 
since albite and anorthite, the end members of the acid and basic 
plagioclases, are set apart as Orders 1 and 2. Lime-soda and soda- 
lime are so much alike that one must always stop to think which is 
which. The prefixes “sodi-’’ and “calci-’’ are here suggested. 
As in the names of normal classes, here also normal rocks drop the 
prefix; “‘sodi-,”’ therefore, is seldom necessary. To the rocks of 
the hinge families, namely those which contain no plagioclase, 
“‘ortho-”’ is prefixed; the feldspar present is orthoclase, microcline, 
microperthite, or anorthoclase. 
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TABLE IV 


— Quarfeloids 5 ° 
CLASS 4 : between and 
Mafites 05 100 
Order 1 Order 2 Order 3 Order 4 
**Ores”’ less than 5 Per Cent “Ores” between “Ores” between “Ores"’ more than 
5 and so Per Cent 50 and os Per Cent os Per Cent 
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CLASS I, ORDER I 


(110) Silexite Mitter. The term silexite was proposed by 
Miller’ for pure igneous quartz rocks. Such rocks, frequently 
described under the names igneous quartz, quartz dikes, quartz 
veins, etc., represent the end members of pegmatitic intrusions. 
Greisen, an old Saxon miner’s term, cannot be used for the family 
name, since it should properly be restricted to tin-bearing leuco- 
granites. Furthermore, according to some authors, it is an altered 
rock, feldspar having been changed to quartz. Beresite ROsE? 
likewise cannot be used; it was shown by Helmhacker® to be an 
altered quartz-porphyry. 

Besides pure quartz there are a number of other rocks falling in 
this family, namely such as are free from feldspars and mafites, and 

* William J. Miller, ‘‘Silexite, a New Rock Name,” Science, XLIX (1919), 149; 
also “ Pegmatite, Silexite, and Aplite of Northern New York,” Jour. Geol., XXVII 
(1919), 28-54, in particular p. 30. 

Gustav Rose, Mineralogisch-geognostische Reise nach dem Ural, dem Altai und 
dem Kaspischen Meere (Berlin, 1837), I, 186. 

3 R. Helmhacker, “‘ Der Goldbergbau der Umgebung von Berézovsk am dstlichen 
Abhange des Urals,” Berg- und Hiittenmdnnische Zeitung, LI (1892), 83-84. 
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consist only of quartz and an auxiliary mineral, such as mica, 
tourmaline, topaz, etc. Among these are: 

Esmeraldite Spurr. The terms greisen and beresite 
have been used more or less loosely for quartz-muscovite rocks, 
although, as mentioned above, they have other meanings. Spurr" 
definitely applied the term esmeraldite to rocks from the southern 
Klondike district, Esmeralda County, Nevada, which consist only 
of quartz and muscovite. 

Syn.: Greisen (in part), Glimmer-greisen JOKELY.’ 

Tourmalite This term is here suggested for rocks 
consisting only of tourmaline and quartz, to which the name 
hydrotourmalite was given by Daubrée.* Other synonyms are 
Schérlquarzit, Schérlfels, Schérlschiefer, Turmalinschiefer, Turma- 
linfels, schorl-rock, Carvoeira,’ etc. 

Topazite. Topazite is here suggested for rocks con- 
taining only quartz and topaz. 

Syn.: Topasfels WERNER,° Topazogéne CHARPENTIER,’ 

topaz-rock. 
(111) Orthotarantulite. The prefix “‘ortho-” is used here and 
in all of the hinge families to indicate feldspathic rocks which con- 
tain less than 5 per cent plagioclase. They include, therefore, 
orthoclase, microcline, microperthite, and anorthoclase rocks. See 
note under (112). Thus defined, orthotarantulite is a tarantulite 
with less than 5 per cent of its feldspar plagioclase. 


tJ. E. Spurr, “The Southern Klondike District, Esmeralda County, Nevada,” 
Econ. Geol., I (1906), 382. 

2 Johann Jokély, ‘“‘Das Erzgebirge im Leitmeritzer Kreise in Béhmen,” Jahrb. 
d. k. k. geol. Reichsanst., TX (1858), 566. 


3In the following pages proposed new names are in bold-face type. Where the 
prefix indicates a newly formed group it is shown thus, orthogranite. 


4M. Daubrée, “Sur le gisement, la constitution et l’origine des amas de minerai 
d’étain,” Ann. d. Mines, XX (1841), 84. 

5 W. L. v. Eschwege, Beitrige z. Gebirgskunde Brasiliens (1832), p. 178. 

6A. G. Werner, Kurze Klassification und Beschreibung der verschiedener Gebirgs- 
arten (Dresden, 1787), p. 15. 


7 J. de Charpentier, Vom Schneckenstein, oder dem sdchsischen Topasfelsen (Prag, 
1776). ; 
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Syn.: Alaskite-quartz Spurr (in part),’ Feldspar-greisen 

JoxE£y (in part). 
(112) Tarantulite. Spurr* used the term alaskite-quartz for a 
transition rock between alaskite and igneous quartz which occurs 
in the Missouri mine, near Tarantula Spring, Nevada. Asa simpler 
term the name tarantulite is here proposed for Family 2, which 
contains orthoclase and less albite. 

Syn.: Alaskite-quartz Spurr (in part), Feldspar-greisen 

JOKE y (in part). 
(116) Orthoalaskite. The term alaskite was given by Spurr’ 
to leucocratic rocks which contain alkali feldspars (orthoclase, 
microcline, microperthite), with or without albite. Here they are 
divided into two groups. Those without albite are included under 
the name orthoalaskite (see note under (111) ), while those with 
albite are normal alaskites of Family 7 (117). 

Runite PINKERTON.‘ Syn.: Pegmatite Hat,’ Schrift- 
granit, Hebriischerstein, graphic-granite, etc. 

Orthotordrillite. The extrusive equivalent of ortho- 
alaskite is orthotordrillite. The name tordrillite was given by 
Spurr® to the extrusive equivalent of alaskite. In the present 
classification only the tordrillites with no plagioclase are included 
in this family. 

(117) Alaskite Spurr. See under orthoalaskite (116). 

Tordrillite Spurr. See under orthotordrillite (116) 
above. 

Syn.: Rhyalaskite.’ 


«J. E. Spurr, “Ore Deposits of the Silver Peak Quadrangle, Nevada,” U.S. Geol. 
Surv., Prof. Paper 55 (1906), p. 61. 

2 Ibid. 

3J. E. Spurr, “Classification of Igneous Rocks According to Composition,” 
Amer. Geol., XXV (1900), 229-30. 

4J. Pinkerton, Petrology (London, 1811), II, 85. 

5 Ascribed to Haiiy by Brongniart, “Essai d’une classification minéralogique des 
roches mélangées,”’ Jour. d. Mines, XXXIV (1813), 32. 

6J. E. Spurr, “Classification of Igneous Rocks According to Composition,’ 
Amer. Geol., XXV (1900), 230; also “Reconnaissance in Southwestern Alaska in 1898,” 
U.S. Geol. Suro., Ann. Rept., XX, Part VII (1900), p. 189. 
7 J. H. Farrell, Field Geology (New York, 1912), p. 160, Table II. 
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(118) Leuco-albite-adamellite. No confusion can result here 
from the use of the word albite as a prefix (see p. 48, above). 
It cannot be thought to mean that the albite replaces (proxies) the 
potash feldspar, since the term adamellite conveys the quartz- 
monzonitic idea, but it clearly shows that the plagioclase present is 
albite. For the use of the term adamellite for quartz-monzonite 
see note under (228). 

Leuco-albite-dellenite. The extrusive equivalent of the 
preceding. 


(119) Leuco-albite-granodiorite. See note under (118). 
(1110) Leuco-albite-tonalite. See note under (118). For the 
use of tonalite for quartz-diorite see (2210). 

(1111) Orthosite TurRNER. These rocks are leuco-potash- 


syenites or leuco-orthosyenites. For those composed entirely of 
orthoclase, Turner’ proposed the term orthosite. Pure anortho- 
clase or sanidine rocks belong here also. The former might properly 
be called anorthosites. This term, however, is now so firmly 
attached to plagioclase rocks without mafites that no change is 
possible. See note under anorthosite (1315). 

Sanidinite TSCHERMAK.’ 

Microclinite LOEwINsoNn-LESSING.* 

Anorthoclasite LoEwINnson-LEssINc.* 
(1112) Leuco-albite-syenite. A temporary term for leucocratic 
syenites, consisting essentially of orthoclase with some albite. See 
note under (217). 


(1115) Albitite TuRNER. Turner’s’ term for rocks which con- 
sist essentially of albite. 
(1124) Leucolitchfieldite. See note under (2124). This term is 


preferable to the longer term leuco-albite-nephelite-monzodiorite. 


*H. W. Turner, “The Nomenclature of Feldspathic Granolites,” Jour. Geol., 
VIII (1900), 106-10. 

2 Gustav Tschermak, ‘‘ Verhandlungen der k. k. geol. Reichs. Sitzung am 6 Marz, 
1866,” Jahrb. d. k. k. geol. Reichsanst., XVI (1866), 34. 

3 F. Loewinson-Lessing, “‘ Kritische Beitriige zur Systematik der Eruptivgesteine,’ 
Tscherm. Min. Petr. Mitth., XX (1901), 114. 

4 Loc. cit. 

5H. W. Turner, “The Nomenclature of Feldspathic Granolites,” Jour. Geol., 
VIII (1900), 111. 


, 
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(1125) Leucomariupolite. See note under (2125). It is a 
leuco-albite-nephelite-diorite. 
(1131) Here belong rocks consisting of one or more feldspath- 


oids, without feldspars or dark constituents. The type rock 
is pure nephelite. For the corresponding extrusives Loewinson- 
Lessing’ proposed noseanite, nephelinolith, and amphigenite. 
Noseanite, however, was previously used by Boricky? for an 
amphibole-(plus 50 per cent) nephelite-(20-40 per cent) noselite 
rock with small amounts of magnetite and olivine, while amphi- 
genite was used by Cordier’ for rocks now called leucite-tephrites. 

Sodalitsten STEENSTRUP‘ probably belongs to this family. 


CLASS I, ORDER 2 


(120) These rocks are included under Order 1, since the varia- 
tions produced by small amounts of different plagioclases are un- 
essential. 

(121) Included under Order r. 

(122) Granite-greisen JOKELY. Syn.: Feldspathgreisen JoKELY. 


Jokélys applied the term Granit- or Feldspathgreisen to rocks con- 
sisting essentially of quartz and feldspar with some muscovite. The 
feldspar was determined megascopically only and was spoken of 
as “allem Anschein nach durchginglich Orthoklas.” If ordinary 
granites are divided into orthogranites and normal granites, so 
also should the granite-greisens be divided, and there would be 
orthogranite-greisens (121) and granite-greisens (122). But (121) 
is the hinge family and is the same as (111); consequently the 
former name need not be considered, and the term granite-greisen 
can be applied to the quartz-feldspar rock of Family 2. The 
presence or absence of muscovite will not change the classification, 


* F, Loewinson-Lessing, “‘ Kritische Beitrige zur Systematik der Eruptivgesteine, 
IV,” Tscherm. Min. Petr. Mitth., XX (1901), 114. 

2 Emanuel Bofick¥, “‘ Petrographische Studien an den Basaltgesteinen Béhmens,’ 
Arch. f. d. naturw. Landesdurchf. v. Bihmen, Band II, Abt. ii, Th. ii, pp. 41, 78-79. 

3 Cordier and d’Orbigny, Description des roches (Paris, 1868), pp. 114-15. 

4N. V. Ussing, “ Mineralogisk-petrografiske Underségelser af Grénlandske 
Nefelinsyeniter og beslaegtede Bjaergarten, 1894,” Meddel. om Grinl., XIV (1898), 128. 

5 Johann Jokély, “Das Erzgebirge im Leitmeritzer Kreise in Béhmen,” Jahrb. 
d. k. k. geol. Reichsanst., IX (1858), 567. 


, 
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though when it is present the rock may be classed as a sub- 
family, comparable to one in the normal granite family, namely 
as Muscovite-granite-greisen. 

(123) Adamellite-greisen. The rock for which the term 
adamellite-greisen is here proposed is related to the quartz- 
monzonites (adamellites) as granite-greisen is to normal granite. 
For the use of the term adamellite for quartz-monzonite see note 
under (228). 


(124) Granodiorite-greisen. See note under (123). 
(125) Tonalite-greisen. See note under (123). 
(127) Leucogranite differs from normal granite (227) in the 


practical absence of mafic minerals. It therefore consists of quartz, 
orthoclase, and a less amount of oligoclase or andesine. 
Leucorhyolite. The extrusive equivalent of the preceding. 
(128) Leucoadamellite. See note under (127). 
Leucodellenite. The extrusive equivalent of the pre- 
ceding. 
(129) Leucogranodiorite. See note under (127). 
Leucorhyodacite. The extrusive equivalent of preced- 
ing. See note under rhyodacite (229). 
(1210) Leucotonalite. See note under (127) for the relation- 
ship between this rock and normal tonalite. For the use of tonalite 
for quartz-diorite see (2210). According to the kind of feldspar 
present, the leucotonalites are divided into quartz-oligosites TURNER 
(quartz-oligoclasites), and quartz-andesinites TURNER. See note 
under (1215). 
Quartz-oligosite TURNER. 
Quartz-andesinite TURNER. 
Leucodacite. The extrusive equivalent of leucotonalite. 


(1212) Leucosyenite. See note under (127). 
Leucotrachyte. The extrusive equivalent of preceding. 
(1213) Leucomonzonite. See note under (127). 


Leucolatite. The extrusive equivalent of preceding. 
(1214) Leucomonzodiorite. In the former paper the writer’ 
‘suggested the term syenodiorite, from analogy with granodiorite, 


1 Albert Johannsen, “‘Suggestions for a Quantitative Mineralogical Classification 
of Igneous Rocks,” Jour. Geol., XXV (1917), 89. 
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for quartz-free plagioclase rocks with some orthoclase. Under (229) 
he shows the objection to the term granodiorite, an objection which 
also applies to the word syenodiorite. The latter term, conse- 
quently, is here withdrawn, and monzodiorite is substituted as 
better indicative of a rock intermediate between monzonite and 
diorite. Leucomonzodiorite is the name of the corresponding rock 


in Class 1. 

Leucoandelatite. See note under (2214). The extru- 
sive equivalent of preceding. Leucotrachyandesite would be the 
extrusive name by analogy with granodiorite, but trachyandesite 
has been used in the sense of latite as well as for an intermediate 
rock of the foyaite series‘ and comparable to trachydolerite of 


the gabbro series. 
(1215) Leucodiorite. According to the kind of plagioclase 
present, the leucodiorites are divided into oligosites TURNER? 
(oligoclasites) and andesinites TURNER.’ 

Oligosite TURNER. 

Andesinite TURNER. 

Leucoandesite. The extrusive equivalent of leuco- 
diorite. 
(1220) Dungannonite ApAms and Bartow. A leucocratic 
nephelite-bearing diorite with considerable corundum (13.24 per 
cent) from Dungannon, Ontario, was described and named dun- 
gannonite by Adams and Barlow.‘ It is not typical of the family 
on account of the presence of corundum, but the name is here used 
since this rock is the only representative of the family yet located in 
the literature. 
(1230) Craigmontite ApAMs and Bartow. The name craig- 
montite was given by Adams and Barlow’ to a nephelite-oligoclase- 
muscovite rock from Craigmont, Ontario. While the mode given 


*H. Rosenbusch, Mikroskopische Physiographie der massigen Gesteine (4th ed.; 
Stuttgart, 1908), p. 1036. 

2H. W. Turner, “The Nomenclature of Feldspathic Granolites,” Jour. Geol., 
VIII (1900), 111. 

3 Ibid. 

4 Frank D. Adams and Alfred E. Barlow, “‘Geology of the Haliburton and Ban- 
croft Areas, Province of Ontario,” Geol. Surv. Canada, Mem. 6 (Ottawa, 1910), p. 322. 


5 Ibid., p. 313. 
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in the report of the Canadian Geological Survey is calculated from 
the analysis, the actual mineral composition is probably also repre- 
sented by it. The craigmontite type contains muscovite, but the 
name may be applied, with a proper prefix, to any oligoclase- 
nephelite rock of Family 30, for example aegirite-craigmontite, etc. 


CLASS I, ORDER 3 


(139) Leucogranogabbro. While adam-gabbro would be more 
correct than granogabbro for the rocks of this family, the term is 
objectionable in sound, and, furthermore, since granodiorite is so 
firmly established that it must be retained, granogabbro as an 
analogous term should also be retained. See note under grano- 
diorite (229). 

Leucorhyobasalt. For the same reason that rhyodacite 
is retained rhyobasalt is used. See note under (229). Strictly 
speaking the term should be leuco-rhyo-quartz-basalt, but the prefix 
“‘rhyo-”’ may be considered as indicative of the presence of quartz. 


(1310) Quartz-anorthosite. See note under (1315). 
Leuco-quartz-basalt. The extrusive of the above. 
(1314) Leucomonzogabbro. The objection to syenodiorite, 


mentioned under (1214), applies also to syenogabbro, which was 
previously proposed by the writer... That term is now withdrawn 
and monzogabbro is substituted. See note under (2314). 
(1315) Anorthosite Hunt. The term anorthosite was pro- 
posed by T. Sterry Hunt? for rocks composed chiefly of plagioclase 
(labradorite in most Canadian occurrences). The name is derived! 
from anorthose, originally used by Delesse for triclinic feldspars, 
although now used for anorthoclase. Anorthosite, consequently, 
properly should not be applied to plagioclase rocks. It is in 
such general use, however, that it must either be dropped entirely 
or else used in the sense of Hunt. Turner‘ would apply the term 

* Albert Johannsen, ‘‘ Suggestions for a Quantitative Mineralogical Classification 
of Igneous Rocks,”’ Jour. Geol., XXV (1917), 80. 

2 T. Sterry Hunt, Geology of Canada (Montreal, 1863), p. 22. 

3Frank D. Adams, “Uber das Norian oder Ober-Laurentian von Canada,” 
Neues Jahrb., B.B., VILL (1893), 423. 

4H. W. Turner, “The Nomenclature of Feldspathic Granolites,” Jour. Geol., 
VIII (1900), 106-11. 
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to anorthoclase rocks without mafic minerals, and would divide the 
basic plagioclase rocks, now called anorthosites, into labradites and 
anorthitites, according to the kind of plagioclase present, pre- 
sumably dividing the bytownite rocks between them. Since most 
anorthosites are labradorite rocks, the term may well be confined 
to the labradorite-bytownite rocks of Class 1, Order 3, leaving the 
anorthite rock, anorthitite, in a class by itself (1415). 

Labradite TURNER. 

Bytownitite. 

Leucobasalt. The extrusive equivalent of anorthosite. 


CLASS I, ORDER 4 


(1414) Leuco-anorthite-monzogabbro. A simpler name should 
be used here when a rock near the center point is described. 
(1415) Anorthitite TURNER.’ See note under (1315). 

* Ibid. 


[To be continued] 




















THE PRE-MOENKOPI (PRE-PERMIAN ?) UNCON- 
FORMITY OF THE COLORADO PLATEAU 


Cc. L. DAKE 
Missouri School of Mines 


There is a growing appreciation of the importance of the uncon- 
formity below the ‘Red Bed” series of the Colorado Plateau 
Province, as witnessed by the recent paper of Lee" on the subject. 
During a reconnaissance in southeastern Utah, northeastern 
Arizona, and northwestern New Mexico, the writer had an oppor- 
tunity to gather some additional data on the extent and possible 
magnitude of the stratigraphic break, and these facts are herewith 
presented. 

The first part of the paper deals with the local evidences of 
the unconformity at several points, particularly at Mule Twist 
Canyon, Utah; at Fruita, Utah; in Quartzite Canyon, near 
Fort Defiance, Arizona; at Ramah, New Mexico, on the Zuni 
Uplift; and near Tolchico, Arizona, on the Little Colorado River. 
The location of all these points is indicated on the accompanying 
sketch map (Fig. 1). 

The second part of the paper begins with a summary of the 
known areal extent of the unconformity, and this is followed by a 
discussion of the magnitude of the stratigraphic break. 

Since the formation names are largely local and probably 
unfamiliar to most readers, the following partial columnar section 
is given. 

Jurassic, La Plata sandstone 


{ Dolores (Chinle) formation 


Triassic, ee 
| Shinarump conglomerate 


p ian (?) { DeChelly sandstone (local) 
‘rmian (?), 4 Si 
; | Moenkopi red beds 

*W. T. Lee, ‘‘General Stratigraphic Break between Pennsylvanian and Permian 
in Western America,” Bull. Geol. Soc. Am., Vol. XXVIII (1917), pp. 169-70. 
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( Kaibab limestone 

} Coconino sandstone } Upper Aubrey group, Pennsylvanian 
| Supai formation 

\ Redwall limestone, Pennslvanian and Mississippian 


Carboniferous, 


DETAILED OCCURRENCES OF THE UNCONFORMITY 


Mule Twist Canyon.—The first locality at which the uncon- 
formity was noted is about four miles northwest of Mule Twist 
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Fic. 1.—The Colorado Plateau 


Canyon, a well-known pass through the La Plata “‘reef”’ or “ledge,” 
a prominent escarpment on the east flank of the Water Pocket 
Flexure, west of Henry Mountains, Utah (Fig. 1). At this point 
the unconformity is distinctly indicated by basal conglomerates, 
by the uneven surface on which the Moenkopi rests, and by the 
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variable thickness of the Moenkopi itself. The following detailed 
section was measured in this vicinity: 


SECTION NEAR MULE TWIST CANYON 


(4) 100 feet red and yellowish-gray sandy shale and some sandstone 
(3) 60 feet well-bedded gray fossiliferous limestone 

(2) 40 feet regularly bedded calcareous sandstone 

(1) 75 feet massive cross-bedded gray sandstone, base not exposed 


The gray standstone and limestone are undoubtedly the Aubrey 
group of the Carboniferous mentioned by Gilbert’ in the Henry 





Fic. 2.—Cross-bedded Coconino(?) sandstone near Mule Twist Canyon, Water 
Pocket Flexure, near Henry Mountains, Utah. 


Mountains. The limestones and upper bedded sandstones (mem- 
bers 2 and 3) were sparingly fossiliferous, and several species were 
collected, but the collection was unfortunately lost by the burning 
of an office building in which the writer was temporarily quartered. 
The fauna was totally unfamiliar to the writer, and consisted of 
very small crinoid stems, several pelecypods, and one or two small 
brachiopods. They did not resemble at all the faunas so abundant 
in the Goodridge formation of the San Juan Oil Field, a formation 


1G. K. Gilbert, The Geology of the Henry Mountains, 1880. 
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provisionally correlated with the Redwall limestone. The cross- 
bedded sandstone (member 1) resembles very“closely the Coconino. 
(Cf. Figs. 2 and 3 of this paper with Plates XXIX A and B, 
U.S. Geol. Surv., Bull. 613, which illustrate the Coconino in Wal- 
nut Canyon, Arizona.) The red and yellowish-gray sandy shales 
of number four rest on the slightly eroded surface of the limestone 
(member 3) with a very sparing development of conglomerate at 
the contact. The shales are gray at the base, but grade upward 


Fic. 3.—Cross-bedding in Coconino(?) sandstone, same locality as Fig.2. Photo 
by Zoller. 


irregularly into the typical red sandy shales of the Moenkopi, 
which are in turn overlain, again with unconformity (Fig. 4), by the 
coarse sandstone and conglomerate of the Shinarump (restricted), 
and this is followed by typical Dolores and La Plata. 

At this point the unconformity is not very pronounced. About 
two miles northwest, however, near the south end of Wagon Box 
Mesa, a large mesa capped with Shinarump, the deeper valleys show 
red shale grading down through gray sandy shale into coarse sandy 
conglomerate. The conglomerate consists of pebbles of chert and 
limestone in a sand matrix, and rests directly on gray, cross-bedded 
sandstone. At this point the limestone seems to have been removed 
by the pre-Moenkopierosion. Here, at the south end of the Wagon 
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Box Mesa, the Moenkopi is about four hundred to five hundred 
feet thick. Two miles north of the north end of the mesa, perhaps 
four miles from the last point described, occur some smaller mesas, 
also capped with Shinarump. Here the Moenkopi is not over 
two hundred feet thick. The change may in part be due to the 
post-Moenkopi, pre-Shinarump erosion, but is more probably 
owing to the uneven surface of the Aubrey beds, on which the 
Moenkopi was laid down. This seems the more probable, since 


Fic. 4.—Unconformity of Shinarump conglomerate on Moenkopi beds, west of 
Wagon Box Mesa, Water Pocket Flexure, Utah. 


at this point the Moenkopi is again noted to rest on the limestone 
member. In this vicinity the upper ledge of the limestone is itself 
distinctly conglomeratic. 

The foregoing facts indicate a decided erosion of the Aubrey 
before the Moenkopi was deposited, an erosion amounting in places 
to probably two hundred feet or more, with the complete removal, 
at certain points, of the limestone beds, allowing the shales to rest 
directly on the cross-bedded sandstone member. 

Fruita.—At Fruita, about forty miles northwest of the Mule 
Twist locality, the canyon of the Dirty Devil (Fremont) River 
cuts deeply into gray limestones and sandstones below the “ Red 
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Beds.” A rather detailed section was measured along this canyon, 
and the section is given below. 


SECTION IN DIRTY DEVIL CANYON, NEAR FRUITA 


26 50+ feet red shale, Moenkopi, slightly irregular contact, with a 
few pebbles 

25 50 feet limestone in massive ledge 

24 55 feet red shale 

23 10 feet covered slope 

22 60 feet limestone, chalky at base, sandy in middle, cherty at 
top 

21 12 feet covered slope 

20 40 feet white chalky limestone, with chert concretions 

19 20 feet covered 

18 20 feet gray limestone, weathers with a powdery surface 

17 20 feet covered 

16 2 feet chert 

15 170 feet non-bedded sandstone, very coarse at base, finer above 

14 30 «feet sandy limestone, with quartzite ledges 

13 13 feet yellowish, very cross-bedded sandstone 

12 4 feet sandy gray limestone 

11 12 feet cross-bedded coarse white sandstone 

10 15 feet sandy gray limestone 

9 10 feet coarse gray sandstone 

8 18 feet thin-bedded argillaceous limestone 

7 122 feet cross-bedded coarse white sandstone 

6 125 feet cross-bedded white sandstone with some thin shale 
lenses 

5 2 feet thin-bedded shaly sandstone 

4 45 feet cross-bedded white sandstone 

3 2-6 inches greenish-gray shale 

2 40 feet massive cross-bedded coarse white sandstone 

I 12 feet covered slope above river 





957 feet, all of which, except number 26, are Aubrey. 


There is nothing in the section above that can be correlated 
with any great certainty with the individual beds in the vicinity 
of Mule Twist Canyon. Member number 15 may possibly repre- 
sent the sandstones of the Mule Twist region, though this is 
uncertain. If it does, there are many more beds between it and 
the Moenkopi here than in the former section. The unconformity 
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itself is not particularly well marked in the vicinity of Fruita, but 
the entirely different character of the beds on which the Moenkopi 
rests here and near Mule Twist constitutes a difference which 
perhaps might result from lateral variation, but which more 
probably indicates a different horizon as the base on which the 
Moenkopi beds were deposited. No fossils were seen in the Fruita 
section. 

About ten miles northwest of Fruita, and perhaps three miles 
southeast of Torrey, the following section was measured across the 


contact: 
SECTION NEAR TORREY, UTAH 


16 ... feet red sandy shale 
15 15 feet gray shale 
14 75 feet red sandy shale 
13 20 feet gray to brown, thin-bedded sandstone 
12 35 feet red sandy shale, ripple-marked 
11 15 feet covered slope 
10 14 feet thin-bedded sandy gray limestone, upper contact con- 
cealed 

9 2 feet very crystalline, pitted gray limestone 

8 16 feet thin-bedded argillaceous limestone 

7 5 feet covered 

6 15 feet crystalline gray pitted limestone 

5 3 feet argillaceous white sandstone 

4 3 feet gray crystalline limestone 

3 3 feet fine-grained argillaceous white sandstone 

2 52 feet massive gray limestone 

I 42+feet red shale with gypsum veins, base not exposed 


The boundary of the Pennsylvanian and the Moenkopi is 
here believed to occur between members to and 11. The red shale 
(number 1) of this section, below the fifty-two-foot ledge of gray 
limestone, is believed to correspond to the fifty-five feet of red shale 
(number 24) in the Fruita section, also below fifty feet of massive 
limestone. Beds 3 to 10 of the Torrey section seem to have been 
eroded off at Fruita. 

Ramah.—On the west flank of the Zuni Uplift, about six miles 
east of Ramah, New Mexico, along a sharp canyon, followed by 
the main wagon road, the situation is as follows: about fifty feet 
of red sandy shales and sandstones rest with very uneven contact 
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on gray massive limestones, of which perhaps fifty to one hundred 
feet are exposed. No fossils were noted, but it is confidently 
believed that the gray limestone is Aubrey and the red sandy shales 
and sandstones Moenkopi. The marked uneven character of the 
contact leaves no room for doubt as to the unconformable relation 
between them. 

Above the Moenkopi is a thin conglomeratic sandstone taken 
to be the Shinarump, since above it rest characteristic ashy gray 
and purple shales highly suggestive of the typical Chinle (Dolores), 





Fic. 5.—Nearly flat-lying Moenkopi unconformable on folded pre-Cambrian, 
Quartzite Canyon, near Fort Defiance, Arizona. 


so widely exposed in the De Chelly (Fort Defiance) Uplift." . The 
exceptional thinness of the Moenkopi here (50 to 100 feet) may be 
due in part to post-Aubrey and pre-Moenkopi erosion, in part to 
post-Moenkopi and pre-Shinarump erosion, and possibly in part 
to lack of deposition. No information was secured which would 
enable one to decide which of these might be the most important 
factor. 

Fort Defiance——In Quartzite Canyon, near Fort Defiance, 
Arizona, the Moenkopi rests directly on steeply dipping, much 
jointed, vitreous quartzite (Figs. 5 and 6). This relation has 

*H. E. Gregory, “Geology of the Navajo Country,” U.S. Geol. Surv., Prof. 
Paper 93, 1917. 
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already been described by Gregory,’ who says of it: “If strata of 
Pennsylvanian age once covered the quartzite the pre-Moenkopi 
erosion interval, elsewhere poorly marked, becomes here a strati- 
graphic feature of great significance. In my opinion the quartzite 
is a monadnock of a pre-Cambrian erosion surface—an elevated 
mass which outlived its contemporaries through Cambrian, Silurian, 





Fic. 6.—Same unconformity as in Fig. 5 


Devonian, and early Carboniferous time, only to be itself buried 
by the streams of Permian time.” It would appear from this state- 
ment that Gregory does not incline to believe that the quartzite- 
Moenkopi unconformity is related to the Pennsylvanian-Permian 
erosion interval, but represents earlier unconformity with overlap. 
Here also it is not possible to determine the facts. 


*H. E. Gregory, loc. cit. 
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Tolchico.—Gregory' sums up briefly evidence presented by 
several writers, pointing to unconformity at the base of the Moen- 
kopi, which seems to be especially marked along the Little Colorado. 
The writer has seen the area described by Gregory near Tolchico, 
and while there is clear evidence both of pre-Moenkopi erosion 
channels and basal Moenkopi conglomerate, neither the eroded 
contact nor the conglomerate are as well developed here as near 
Mule Twist Canyon, west of Henry Mountains, unless the condi- 
tions described below are related to pre-Moenkopi erosion. 

At a sharp bend in the Little Colorado River, perhaps two or 
three miles northwest of Tolchico, a deep sharp canyon is cut in 
the Kaibab limestone, and a sharply cut tributary canyon enters 
at the bend, from the southwest. Perhaps a quarter of a mile up 
the tributary canyon from its mouth occur conditions of peculiar 
interest. Within the canyon, which here cuts between seventy- 
five and one hundred feet into the Kaibab, and resting against the 
Kaibab walls with distinct and coarse basal conglomerate, are very 
friable, intricately cross-bedded, rather coarse sandstones. In 
color they are dark red, deep brown, and in places almost black, 
in which respect they contrast strongly with the gray limestone 
walls of the canyon between which they lie, and also with the cream- 
colored, white, or gray drifts of dune sand which surround them, in 
turn, and partly bury them. Their age was not determined, since 
they appear to be absolutely unfossiliferous. At first the writer 
inclined to the idea that they were a phase of the basal Moenkopi, 
resting in an old pre-Permian channel, and while he still admits the 
possibility of this interpretation, it is also considered possible and 
perhaps probable that they are a wind-blown deposit of Tertiary 
or early Quaternary age, consisting largely of materials derived 
from the Moenkopi. That they rest in a channel cut at least one 
hundred feet into the Kaibab limestone, that they contain a coarse 
basal conglomerate of limestone bowlders, and that they are 
distinctly older than the present dune sands, admit of no question 
whatever. The general character and relations of these deposits 
can be studied more clearly from the illustrations given (Figs. 7 
and 8). 


*H. E. Gregory, op. cil., p. 21. 
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AREAL EXTENT OF THE UNCONFORMITY 

Many other workers who have studied the stratigraphy of this 
region have recognized the prevailing unconformity at the base 
of the Moenkopi, but in general it has heretofore been considered 
a minor break. The evidence goes to show that it is recognized 
over an area from the Little Colorado River in Arizona, east to the 
Zuni Uplift in New Mexico, and northwest to the Dirty Devil 
(Fremont) River in Utah. 





Fic. 7.—Cross-bedded sandy shale (the two dark masses to the left of the 
center) resting in erosion channel in Kaibab limestone; dune sand in the foreground. 


On Little Colorado River, near Tolchico, Arizona. 


In the San Juan Oil Field, which lies about midway between the 
Ramah and Fruita localities, the Moenkopi, according to Woodruff," 
rests on the Goodridge (Redwall ?) limestone with “‘a sharp litho- 
logic break,’”’ though he does not mention an actual erosion interval. 
Of the same place Gregory’ says: ‘‘ No undisputed evidence of uncon- 
formable relations between the Pennsylvanian and Permian ( ?) 
was obtained at this locality.”” He indicates, however, evidence 
of a probable break of importance in sedimentation. In view of 

* E. G. Woodruff, “‘Geology of the San Juan Oil Field, Utah,” U.S. Geol. Surv., 
Bull, 471, p. 87. 

?H. E. Gregory, op. cit., p. 21. 
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the unconformable relations both northwest and southeast, it 
is highly probable that the unconformity also exists along the 
San Juan. 
STRATIGRAPHIC MAGNITUDE OF THE UNCONFORMITY 
Stratigraphically, near Mule Twist Canyon, this unconformity 
represents at least two hundred feet of erosion. If the beds in the 
Mule Twist vicinity are actually different geological horizons 





Fic. 8.—Detail of contact of sandy shale shown in Fig. 7, on Kaibab limestone. 
Note pebbles of limestone in the shale. 


from those near Fruita, rather than different facies of the same 
horizon, a conclusion that seems highly probable, then the pre- 
Moenkopi erosion was even greater. 

Let us examine now the significance of certain tentative cor- 
relations made by Girty and presented by Woodruff. Regarding 
the age of the Goodridge limestone in the San Juan Field, Girty 
says: 

I have already examined and reported upon a collection from the Honaker 
trail, where a good portion of Mr. Woodrufi’s material was obtained. This 
collection was made by Robert Forrester, of Salt Lake City, Utah. Mr. For- 
rester, who has done much work of a very accurate kind involving the Mesozoic 


*E. G. Woodruff, op. cit., pp. 75-104. 
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and late Paleozoic rocks of Utah, reports that his fossils came from what was 
called Lower Aubrey group in the reports of the Wheeler Survey, their Upper 
Aubrey being our Kaibab limestone. The lists of fossils given by Meek as 
representing the fauna of the upper Redwall limestone show the same general 
facies as Mr. Woodrufi’s collection. The typical Redwall we know to be of 
Pennsylvanian age in the upper part and Mississippian age in the lower part, 
so that the facts at hand seem to indicate that the strata involved in Mr. Wood- 
rufi’s collection represent the upper part of the typical Redwall limestone. I 
do not regard it as certain, however, that the marked dissimilarity of the Kaibab 
fauna to anything which Mr. Woodruff found in his section may not be regional 
and that by gradual modification some of his faunas may not pass into the 
Kaibab fauna at the same geologic level. 

If Girty is right in his tentative suggestion that the Goodridge 
is the equivalent of the Redwall, the pre-Moenkopi erosion interval 
at once assumes greatly added significance as a stratigraphic break 
of notable magnitude, for this would indicate the removal, or non- 
deposition, in the San Juan Field of the Supai sandstones and shales, 
the Coconino sandstone, and the Kaibab limestone, all of which 
occur above the Redwall in the Grand Canyon section, the com- 
bined thicknesses of which are not far from two thousand feet. 
This supposition is perhaps somewhat strengthened by the facts 
observed near Mule Twist, where the formations resemble closely 
the Kaibab and Coconino. The fossils collected by the writer, 
had they not been lost, might have settled this point. It is to be 
hoped that other collections may be secured soon from that locality. 
From this it would seem that the Moenkopi may be resting on 
Kaibab limestone near Tolchico and in the Grand Canyon, on 
Redwall limestone in the San Juan Oil Field, and again on Kaibab 
limestone and Coconino sandstone near Mule Twist Canyon. 

The foregoing is a possibility which, the writer finds, has already 
been considered by Cross’ in explaining the fact that the Pennsyl- 
vanian directly beneath the ‘‘ Red Beds” at Moab carries a different 
and possibly older fauna than was found by Powell and Newberry 
below the Red Beds farther west on Colorado River. Cross says: 

There may be a stratigraphic break, due to uplift and erosion, through 
which the Aubrey strata found by Powell and Newberry have been removed 
at Moab, in the Sinbad Valley, and to the mountain region to the east. This 


* Whitman Cross, ‘Stratigraphic Results of a Reconnaissance in Western Colorado 
and Eastern Utah,” Jour. Geol., XV (1907), pp. 634-79. 
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implies that the Hermosa beds of Moab are present beneath the section 
examined by Powell and Newberry. Such a break must occur at the base of 
the Paleozoic “Red Beds,” and no suggestion of such a hiatus has come from 
observations in Colorado; but it is to be remembered in this connection that 
in southern Utah and northern Arizona, Powell, Gilbert, Dutton, Walcott, 
and others have noted a persistent unconformity by erosion between the Aubrey 
and the succeeding strata now commonly referred to the Permian through 
Walcott’s discovery of fossils in the Kanab Valley. All of the above-named 
geologists have observed a conglomerate more or less widely distributed at 
the base of the Permian series, composed in large part of pebbles derived from 
the Aubrey rocks, as shown by fossils contained in them. It is, of course, 
possible that the denudation at this horizon may have been much more exten- 
sive than the observations thus far reported would suggest. 


The direction even of this change corresponds to the facts 
observed by the writer. According to the statement by Cross, 
the beds on which the Moenkopi rests are younger to the west, 
older to the east. Similarly the writer finds that in the San Juan 
Oil Field, about in the longitude of Moab, the Moenkopi rests on 
beds which are possibly as old as Redwall, while farther west, at 
Tolchico and at Mule Twist Canyon, the Moenkopi seems to be 
resting on younger beds, probably the Kaibab. 

That the beds below the Moenkopi near Mule Twist Canyon 
were equivalent to the Kaibab and Coconino, and were not equiva- 
lent to the Goodridge, was the independent conclusion reached by 
the writer, even before he was aware of the foregoing statements 
by Girty and by Cross. In view of the uncertain condition of 
this correlation, it was felt that these few notes might add to the 
general knowledge regarding the extent and magnitude of this 
break. 
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PALEOZOIC DIASTROPHICS OF THE NORTHERN 
MEXICAN TABLELAND 


CHARLES KEYES 
Des Moines, Iowa 


A little below the southern boundary of Colorado the Rocky 
Mountains, in a triple cluster of canoe-shaped folds, plunge steeply 
beneath the general plains surface of the northern prolongation of 
the Mexican tableland, never again to reappear. In marked con- 
trast to the prevailing relief expression of the Cordillera, with its 
stream-cut profiles, the physiognomy beyond is that of typically 
enisled landscape of the desert, fashioned mainly by the winds. 
The chain aspect of the Rockies gives way to solitary ridges. All 
mountains assume the character of short, lofty ranges which, with 
startling abruptness, rear themselves like volcanic isles jutting from 
a summer sea. So thickly do these isolated piles stud the vast 
smooth plateau plains that Dutton aptly likens them on the 
map to an army of caterpillars crawling northward out of Old 
Mexico. 

Inasmuch as the northern extension of the Mexican tableland 
is included mainly within the present limits of the state of New 
Mexico its topographical features, so far as the United States go, 
are in many respects quite unique. Throughout this region the 
areal distribution of the geological formations is probably the least 
understood of any considerable tract in our country. In only a 
few circumscribed districts is the geological structure brought out 
properly and correctly in mapping. Elsewhere, according to 
published information, the region seems to be a veritable ferra 
incognita. Even the larger relationships of the formations are so 
little known that they have yet to be exactly determined. 

Over this northern segment of the lofty tableland the general 
plains surface lies evenly about a mile above the sea. Towering 
still another mile in the air are the innumerable mountain masses. 
The intermontane plains being chiefly desert or semi-arid, rock 
outcrops are few in number; and drifting sands and mobile earths 
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prevail. Over such a country geological boundaries are not easily 
traced; and determination of the original areal distribution of the 
various terranes is beset with exceptional difficulties. 

In most other parts of the world the local stratigraphic succession 
and general mapping of rock tracts are based chiefly on the rock 
exposures bordering the valleys of incised streams. These outcrops 
as a rule lie below the general upland level of the country. In the 
New Mexican field, the rock sections lie principally above the 
general plains surface. Correlative determinations of outcrops 
are thus exactly the reverse of what they usually are. 

Disposition of the sections, a mile or more high in many 
instances, is that of a myriad of drill-cores set upon a board. 
Spaces between sections are voids in nature as in model. Under 
ordinary circumstances these intersectional intervals are filled 
up by the rock masses of the interstream areas. In order properly 
to visualize the geological formations of the tableland the various 
sections have to be connected and projected on a common plane. 
Such a ground plan is very different from a normal geological map. 
Yet it is the only kind of a diagram that satisfactorily depicts the 
larger relationships of the geological formations. For the region 
under consideration such a projection is represented in the accom- 
panying cut (Fig. 1), the base plane selected being the ancient 
peneplain lying at the base of the great Pennsylvanian limestone 
plate. 

The fact that at the southern extremity of the Rockies the Penn- 
sylvanian limestones everywhere rest directly on pre-Cambrian 
schists long led to the inference that a region of continental pro- 
portions had been a land area during the greater part of Paleozoic 
times. Such apparently was not the case. When, a decade ago," 
the geological formations of New Mexico were briefly described in 
a systematic way, a circumstance that was expressly pointed out 
was that while over all the northern half of the state there were no 
Paleozoics below the Pennsylvanian limestones, it did not preclude 
the existence of some, or even all, of the early periodic sections else- 
where. In fact, in southern New Mexico isolated sections of these 


* Report of Governor of New Mexico to Secretary of Interior for 1903, pp. 337741, 
1904. 
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older rocks were incidentally noted very early. These outcrops 
were so widely disconnected as to give rise in some quarters to not 
a little doubt concerning the actual presence of some of the terranes. 
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Fic. 1.—Areal distribution of Paleozoic periodic formations 


Pioneer observations now seem to be fully verified. As early 
as 1874 Dr. W. P. Jenney' called attention to the presence of Cam- 
brian rocks in the Franklin Range north of El Paso. In the same 
locality Dr. A. Wislizenus,? thirty years before, collected charac- 
teristic Ordovician fossils. Numerous organic remains of Silurian age 
* Proc. New York Lyc. Nat. Hist., Vol. II (1874), p. 60. 

* Memoir of Tour through Northern Mexico in 1846-47 (1848), 141 pages. 
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were obtained at Santa Rita, in 1873, by Professor G. K. Gilbert." 
Devonian strata were first recorded in New Mexico by Thomas 
Antisell;? and in the following year the fossils were described from 
this region by Professor James Hall. Mississippian forms collected 
by Professor E. D. Cope were described in 1881 by Mr. S. A. 
Miller.*| The most northerly points at which they were recognized 
recently were in the Magdalena Mountains, west of Socorro,’ and 
in the Sierra Ladrones 25 miles north. 

So in New Mexico prior to the year 1880 all of the periodic 
terranes of Paleozoic age had been already fully identified. 

In this tableland region the outstanding feature of the stratig- 
raphy, and a characteristic which is perhaps nowhere else met with, 
is a notable segregation, instead of the usual alternation, of the hard 
and soft strata. Resistant beds are confined chiefly to the bottom 
half of the vertical section; and nearly all of the weak rocks occur 
only in the upper part. For a succession more than 10,000 feet in 
thickness this circumstance is certainly a quite remarkable one. 
Almost the entire Paleozoic sequence is thus composed of lime- 
stones of such uniform lithologic texture and aspect that it is not 
usually possible by casual glance to detect the parts of different 
geologic age. Only by careful discrimination of the successive 
faunas at the various stratigraphic levels are even the larger, or 
periodic, subdivisions rendered determinable. Yet, on the whole, 
the sequence is one of the most complete on the American con- 
tinent. Out of twenty-five major terranes holding serial rank only 
five seem to be missing. 

Both by reason of its completeness and because of its peculiar 
continental relationships this general geological section of the New 
Mexican Paleozoics is for purposes of reference one of the important 
successions of the country. As determined by various parties from 
the United States Geological Survey, and the State Geological Sur- 


* U.S. Geog. and Geol. Surv. W. 100th Merid., Vol. III (1875), p. 117. 

* Explo. and Surv. Pacific Railroad, Vol. III (1856), Pt. II, p. 181. 

3 United States and Mexican Bound. Surv., Vol. I (1857), Pt. II, p. 104. 
4 Jour. Cincinnati Soc. Nat. Hist., Voli IV (1881), p. 314. 


5 Proc. Iowa Acad. Sci., Vol. XII (1905), p. 169. 
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vey, and by others who have worked more or less extensively in the 
region, the essential features of the section are well epitomized in 
recently published tables.’ 

Since it is with marked unconformity that the Paleozoics rest 
upon the pre-Cambrian crystallines it is evident that long before 
Paleozoic deposition in the region set in, the old continental com- 
plex was beveled off to a smooth plain. This ancient erosion 
surface cuts evenly the folded, faulted, and altered pre-Cambrian 
strata, the more or less highly metamorphosed clastics, and the 
strictly igneous masses and intrusions. It doubtless represents as 
true a peneplain as ever existed, and one that remained longer and 
nearer base level than any other one known in geological history. 
The presence of this once low-lying plain and the near-shore deposi- 
tion of the vast piles of homogeneous limestones appear strongly 
to support the idea of the existence of a close genetic relationship 
between the two phenomena. 

Notwithstanding the fact that such exceptional homogeneity 
prevailed throughout the Paleozoic succession of the northern Mexi- 
can tableland, no less than a dozen major unconformities attest the 
frequency and extent of notable diastrophic movement. Of these 
by far the most conspicuous hiatus is that at the base of the Penn- 
sylvanian limestones. In every way it is the most pretentious. 
Its character and position associate it with the similar phenomenon 
displayed in the Mississippi Valley. From that it differs in the 
apparent absence of the Coal Measures. However, this dissimilar- 
ity fades since remnants of the latter are now known to be actually 
present. How extensive they originally were is yet a matter of 
conjecture. 

In the Ladronesian series, exposed in a circumscribed basin 
near Socorro,” are represented the all but vanquished coal shales 
which may be the southwestern extension of the great Arkansan 
series of the Ozark region. The unconformity plane is comparable 
in every way with that found at the base of the Coal Measures of 
Iowa, Missouri, and Illinois. It extends far to the north in Colo- 
rado; and far to the south in Old Mexico. Although in the Rocky 
* Proc. lowa Acad. Sci., Vol. XXII (1916), pp. 249-71. 

2 Journal of Geology, Vol. XII (1904), pp. 250-51. 
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Mountains region all strata down to the pre-Cambrian complex 
are removed and the Pennsylvanian limestones rest directly upon 
the ancient crystallines, in southern New Mexico the same limestone 
plate reposes on the beveled edges of all of the older and somewhat 
deformed Paleozoics (Fig. 2). 

Certain peculiarities in the areal distribution of the Paleozoic 
formations in southern and central New Mexico at once raise far- 
reaching questions in diastrophics. Among them not the least 
significant is whether the northern limits of the several major ter- 
ranes are approximately the original boundaries of deposition, or 
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Fic. 2.—Relations of periodic formations south of Rocky Mountains 


whether these periodic terranes once extended indefinitely northward 
over the tract which-later was upraised into the Rocky Mountain 
arch. 

Casual consideration of present conditions points sometimes to 
one conclusion and sometimes to the other. Critical evidence 
centers on the character of the marked unconformity at the base 
of the Pennsylvanian section. The present northern boundaries 
of the other periodic terranes are very close together (Fig. 1). The 
strata are all virtually limestones. There are practically no 
characteristic shore deposits represented. Positions of none of the 
formations indicate that there are any well-defined overlaps. All 
features considered, the conclusion appears inevitable that the 
strand oscillations at different times were of great magnitude, 














Cn ae On oe 





DIASTROPHICS OF NORTHERN MEXICO 81 


amounting to hundreds of miles, instead of very short distances as 
at first glance seems probable. 

Paleogeographical maps commonly show the southern Rocky 
Mountain region as a huge island persisting throughout Paleo- 
zoic times. Orographic arching of the tract appears to have taken 
place only late in the era. For the first time since pre-Cambrian 
days general peneplanation does not appear until the Mississippian 
or Pennsylvanian period. 

That the peneplanation at the beginning of Pennsylvanian times, 
when Coal Measures were being deposited elsewhere around the 
growing American continent, was extensive is strongly supported 
by many facts. Since farther north in the Rocky Mountains area 
the older Paleozoics are present in a few limited and isolated belts, 
where they are preserved through infolding with more ancient 
rocks, it is presumed that Cambrian, Ordovician, Silurian, Devonian, 
and Mississippian strata as they are represented in the South doubt- 
less once extended entirely over the province before its epeirogenic 
uprising. Over the Mexican tableland district last lingering traces 
of the old formations remained until the grand erosional 
period represented elsewhere to the eastward by the Arkansan 
(Pennsylvanian) deposition. It may be that the Pennsylvanian 
peneplanation epoch of the southwestern region is to be exactly 
paralleled with that of Iowa where it is designated as the Arkan- 
san hiatus. 

Another reason why in the Cordilleran region north of the Mexi- 
can tableland the Paleozoics do not appear more frequently than 
they do is that Triassic peneplanation was also profound. This 
surface is largely covered by mid-Cretaceous sediments before the 
eastern front of the Rockies is reached. Along this border the more 
ancient rocks are thus not open to inspection. 

The rather abrupt termination of the several periodic terranes 
of the Paleozoic toward the north in central New Mexico does not 
appear to be altogether a direct result of successive advances of the 
ancient sea in that direction over a low-lying even coast. If any 
part of the abrupt thinning is thus to be ascribed it is entirely lost 
through repeated and profound planation effects. After the lay- 
ing down of the great Pennsylvanian limestones no less than two of 
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these planation periods are clearly indicated by marked unconform- 
ities displayed in the general stratigraphic succession of the region. 
When the great peneplanation of Jurassic or early Cretaceous times 
took place, as marked by the basal surface of the extraordinarily 
widespread Dakotan sandstones, it was accompanied by extensive 
and diverse deformation with some display of volcanic action. So 
extensive was this main evening that so far south as central New 
Mexico the Dakotan sandstone is seen to repose upon the upturned 
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Fic. 3.—Unconformable relations of Cretaceous and Pennsylvanian beds on 
Chupadera Mesa, New Mexico. 





















and locally vertical edges of the Pennsylvanian limestones. A most 
notable section demonstrating these relationships is well displayed 
on the Chupadera Mesa, at Dios Springs, and in the Arroyo 
Chupadera, about thirty miles northeast of Socorro (Fig. 3). 

The fancied complexity of the stratigraphy of the Mexican 
tableland is therefore more apparent than real. Two features in 
particular tend to obscure the actual mass relationships of the 
formations. Of these the wide separation of exposed rock sections 
assumes an importance out of all proportion to its difficulties or its 
merits. The phenomena attending diastrophic movements in the 
region are thus liable to serious misinterpretation. Neither the 
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moderate flexing nor the profound faulting are found to be so recent 
as to retain their impress in full force upon the present relief. 
These major crustal movements are mainly quite remote. Begin- 
ning at the close of Paleozoic time they continue without interrup- 
tion until the present day. The effects which their supposed 
dominancy produces in the existing desert ranges are now known 
to be due entirely to other causes. On the whole the desert ranges 
seem to owe their physiognomy to vigorous wind erosion under 
the stimulus of aridity rather than to recent deformation. Under 
these abnormal conditions old structures are brought out into 
strong relief by simple differential erosion of weak and resistant 
rock belts. This desert degradation so vigorous at the present 
day may have been of long duration, having gone on since the 
beginning of Tertiary times. 

The post-Cretaceous wrinkling of the Rocky Mountains is 
reflected in the areal distribution of the rock formations far beyond 
the southern terminus of that cordillera, reaching many miles into 
the Mexican tableland. 




















SOME ESTIMATES OF THE THICKNESS OF THE 
SEDIMENTARY ROCKS OF OHIO 


T. M. HILLS 
Ohio State University 


Since the discovery of crystalline rock at a depth of 3,320 feet 
at Waverly’ in 1911, and at Findlay,’ at a depth of 2,770 feet, in 
1912, deep wells have been drilled in many parts of Ohio. From 
their records, the following estimates are made of the thickness of 
the sedimentary rocks along the eastern and southern borders of the 
state. 

The data used? have been taken from wells located along three 
lines, two of them running east-west, the other north-south. The 
first extends from Findlay through Cleveland eastward to the 
central part of Ashtabula County, the second from the city of 
Columbus east to northern Muskingum County, the third from 
Norwalk to Jefferson Township, Jackson County. 

The two formations used as datum planes in the calculations 
are the Trenton and the Clinton. The tops of these formations 
are recognized with a reasonable degree of certainty by drillers. 
Unfortunately, the two wells mentioned above are the only ones 
that have passed through the Trenton rocks of the state. There- 
fore the distance from the top of the Trenton to the crystalline 
rocks must be taken from these wells and considered as constant 
for the area. ‘The wells in the eastern and central parts of the state 
do not extend below the Clinton; therefore the depth from this 
formation to the Trenton, and to the crystalline rocks below, must 
be supplied from the known wells of other parts of the state. This 
assumes that the Trenton-to-crystalline-rock interval is constant 
over a wide area, and that the Clinton-to-Trenton interval varies 
at auniform rate. These are both broad assumptions, but with the 
data available cannot be avoided. 

* Condit, Amer. Jour. Sci., Fourth Series, Vol. XXXVI, p. 123, August, 1913. 


* Acknowledgments are due The Ohio Geological Survey for the use of its files of 


well data, 
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The northern line of wells —At Findlay the interval between the 
crystalline rocks and the top of the Trenton formation is 1,605 feet. 
This will be considered as constant for northern Ohio. 

At Lorain, the interval between the Clinton and the Trenton 
is 1,075 feet, at Cleveland 1,658 feet, an increase of 21 feet per mile 
to the eastward. If this continues to the state line sixty miles 
eastward, the interval would be 2,918 feet (1,658+1,260). 

In Wayne Township, Ashtabula County, the Clinton formation 
is found 2,940 feet below sea level. Data from wells at Lorain, 
Avon, East Cleveland, Chester Township, Geauga County, Harts- 
grove and Wayne townships, Ashtabula County, show an average, 
although not constant, decline of the surface of this formation of 
22.7 feet per mile. If the eastward decline continues at the same 
rate to the state line, the surface of the formation should be about 
3,172 feet below sea level at this point. Add to this figure the 
estimated distance between the top of the Clinton and the top 
of the Trenton, 2,918 feet, and the distance from the top of the 
Trenton to the crystalline rocks, 1,605 feet, and we have a total of 
7,695 feet, the depth below sea level at which crystalline rocks 
should be found near the northeastern corner of Ohio. An addition 
of at least 1,000 feet should be made for the thickness of strata 
above sea level, giving a total estimate of some 8,700 feet of sedi- 
mentary rocks in this part of the state. 

Central Ohio.—The wells extending from Columbus to north 
central Muskingum County are not on a straight line, but the 
departures to the north side are practically balanced by those to 
the south. It will be seen later that the variation in thickness of 
the sedimentary rocks along a north and south line is comparatively 
slight in short distances. 

The Clinton occurs 186 feet below sea level in a well along the 
Mifflin Township line in the eastern part of the city of Columbus. 
From this well to one at Basil, the top of the Clinton declines at an 
average rate of 41 feet per mile. Eight other wells, some of them 
as far east as north central Muskingum County, show a decline 
ranging from 56 feet to 34.9 feet per mile, with an average of 46.6 
feet. Using the last figure, the top of the Clinton should be 5,778 
feet (= 186+5,592) below sea level at Wheeling, 120 miles eastward. 
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At Waverly the top of the Clinton is 310 feet below sea level, 
and the top of the crystalline rocks, 2,730 feet. The interval 
between is 2,420 feet. If at Wheeling the interval is the same, the 
crystalline rocks would be found at 8,198 feet (=5,778+2,420). 
Add 1,000 feet for the strata above sea level, and the estimate is 
brought to 9,198 feet. This figure does not include the increase 
in the interval between the top of the Clinton and the top of 
the Trenton found along the northern part of the state, which was 
21 feet per mile. Addition for such thickening would add 2,520 
feet, bringing the total to 12,028 feet. 

The nerih and south line of wells —This row of wells is practically 
at right angles to the other two. 

At Norwalk the Trenton was reached 1,945 feet below sea level. 
In Jefferson Township, Jackson County, it was found at 2,885 feet, 
a difference of 940 feet in 162 miles, a decline of 5.8 feet per mile. 
If this decline continues southward to the Ohio River, twenty-five 
miles farther, the Trenton would be found there 3,030 feet below 
sea level. The Trenton (top)-to-crystalline interval of 1,220 feet, 
found at Waverly, would place the bottom of the sedimentary 
rocks 4,250 feet below sea level. Add a thousand feet for strata 
above sea level, as in the previous cases, and we have 5,250 feet for 
the thickness of strata above the crystalline rocks at the Ohio 
River, near Ironton. 

Summary.—From the northern line of wells the sedimentary 
strata of northeastern Ohio are estimated to be nearly 9,000 feet, 
from those of central Ohio to be over 12,000 feet in the eastern part 
of the state, and in southern Ohio to be more than 5,000 feet thick. 

Wells along other lines give results of the same order of magni- 
tude, the same assumptions concerning the interval between the 
top of the Trenton and the crystalline rocks being made. Since the 
post-Trenton strata thicken toward the Appalachian trough, either 
by the increase in the thickness of the formations themselves, or 
the introduction of new formations, it is reasonable to suppose 
that the pre-Trenton sediments do the same, so that the results 
obtained are probably underestimates rather than overestimates. 

The presence of the Cincinnati Arch in the southwestern part of 
the state adds so many complicating features that it does not now 
seem advisable to attempt an estimate for this part of the state. 
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